PROBLEM 1.1 


Solucionario 


KNOWN: Heat rate, q, through one-dimensional wall of area A, thickness L, thermal 
conductivity k and inner temperature, Ti. 


FIND: The outer temperature of the wall, T 2 . 


SCHEMATIC: 



3&W 


ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady-state conditions, 
(3) Constant properties. 

ANALYSIS: The rate equation for conduction through the wall is given by Fourier’s law, 

q C ond=qx=qx-A = -k^A = kA^-^. 


Solving for T 2 gives 


t 2 =t,- 


qcond L 

kA 


Substituting numerical values, find 

3000WX 0.025m 
2 " 0.2W / m ■ K x 10m 2 


T 2 = 415 C-37.5 C 


T 2 =378°C. 


< 


COMMENTS: Note direction of heat flow and fact that T 2 must be less than T |. 



PROBLEM 1.2 


KNOWN: Inner surface temperature and thermal conductivity of a concrete wall. 

FIND: Heat loss by conduction through the wall as a function of ambient air temperatures ranging from 
-15 to 38°C. 


SCHEMATIC: 


T -1 =25 °C- 
T(x)~ 




/—A = 20 m 2 

k= 1, 0.75, or 1.25 W/m-K 

T 2 = -15to 38 °C 


L = 0.30 m 


ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady-state conditions, (3) 
Constant properties, (4) Outside wall temperature is that of the ambient air. 


ANALYSIS: From Fourier’s law, it is evident that the gradient, dT/dx = — q x /k , is a constant, and 
hence the temperature distribution is linear, if q x and k are each constant. The heat flux must be 
constant under one-dimensional, steady-state conditions; and k is approximately constant if it depends 
only weakly on temperature. The heat flux and heat rate when the outside wall temperature is T 2 = -15°C 
are 


irp .-p .-p 25°C-(-15°c) 

q y = -k — = k- i -- = lW/m-K ---- 

x dx L ' 0.30m 


= 133.3 W/m z . 


q x =q' xA = 133.3w/m 2 x 20m 2 =2667W. 


( 1 ) 

( 2 ) < 


Combining Eqs. (1) and (2), the heat rate q x can be determined for the range of ambient temperature, -15 
< T 2 < 38°C, with different wall thermal conductivities, k. 



- -x - Wall thermal conductivity, k = 1.25 W/m.K 

- k = 1 W/m.K, concrete wall 

o k = 0.75 W/m.K 

For the concrete wall, k = 1 W/m-K, the heat loss varies linearily from +2667 W to -867 W and is zero 
when the inside and ambient temperatures are the same. The magnitude of the heat rate increases with 
increasing thermal conductivity. 

COMMENTS: Without steady-state conditions and constant k, the temperature distribution in a plane 
wall would not be linear. 































PROBLEM 1.3 

KNOWN: Dimensions, thermal conductivity and surface temperatures of a concrete slab. Efficiency 
of gas furnace and cost of natural gas. 

FIND: Daily cost of heat loss. 

SCHEMATIC: 


Natural gas, 
C g = S0.01/MJ 

-> 



Furnace, rp = 0.90 



ASSUMPTIONS: (1) Steady state, (2) One-dimensional conduction, (3) Constant properties. 
ANALYSIS: The rate of heat loss by conduction through the slab is 


q = k (LW) Tl T2 =1.4W/m K(llmx8m) 7 C =4312 W 


0.20 m 


The daily cost of natural gas that must be combusted to compensate for the heat loss is 


_qC g/i , 4312Wx$0.01/MJ 


C d =V4At)= 


0.9x10 6 J/MJ 


(24h/dx3600s/h) = $4.14/d 


< 


< 


COMMENTS: The loss could be reduced by installing a floor covering with a layer of insulation 
between it and the concrete. 














PROBLEM 1.4 


KNOWN: Heat flux and surface temperatures associated with a wood slab of prescribed 
thickness. 

FIND: Thermal conductivity, k, of the wood. 

SCHEMATIC: 

Tt 

" x *40W/m* 

= ZO°C 

-0.05 m 

ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady-state 
conditions, (3) Constant properties. 

ANALYSIS: Subject to the foregoing assumptions, the thermal conductivity may be 
determined from Fourier’s law, Eq. 1.2. Rearranging, 

k=q x -= 40 —tv - 

t 1- t 2 m 2 (40-20)° C 

k = 0.10 W/ m- K. < 



COMMENTS: Note that the °C or K temperature units may be used interchangeably when 
evaluating a temperature difference. 



PROBLEM 1.5 


KNOWN: Inner and outer surface temperatures of a glass window of prescribed dimensions. 


FIND: Heat loss through window. 


SCHEMATIC: 



H I*" L= 0.005m 


3m - 3m z ) 

W/wK 


ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Steady-state 
conditions, (3) Constant properties. 

ANALYSIS: Subject to the foregoing conditions the heat flux may be computed from 
Fourier’s law, Eq. 1.2. 

L 

L4 _W_ (15-5)° C 
m-K 0.005m 
2800 W/m 2 . 

Since the heat flux is uniform over the surface, the heat loss (rate) is 

0 = Ox x A 

q = 2800W/m 2 x 3m 2 

q = 8400 W. < 

COMMENTS: A linear temperature distribution exists in the glass for the prescribed 
conditions. 





PROBLEM 1.6 


KNOWN: Width, height, thickness and thermal conductivity of a single pane window and 
the air space of a double pane window. Representative winter surface temperatures of single 
pane and air space. 

FIND: Heat loss through single and double pane windows. 

SCHEMATIC: 


—H |<— L = 5 mm 


-H |<- L = 10mm 


Glass 
k g = 1 
W = 1 



ASSUMPTIONS: (1) One-dimensional conduction through glass or air, (2) Steady-state 
conditions, (3) Enclosed air of double pane window is stagnant (negligible buoyancy induced 
motion). 

ANALYSIS: From Fourier’s law, the heat losses are 

Single Pane: q 2 =k g A Tl ~ Tl =1.4 W/m-K^m 2 ) 35 C =19,600 W 
8 8 F V /0.005m 


Double Pane: q a =k a A Tl Tl =0.02412m 2 ) 25 C =120 W 

F V /0.010 m 

COMMENTS: Fosses associated with a single pane are unacceptable and would remain 
excessive, even if the thickness of the glass were doubled to match that of the air space. The 
principal advantage of the double pane construction resides with the low thermal conductivity 
of air (~ 60 times smaller than that of glass). For a fixed ambient outside air temperature, use 
of the double pane construction would also increase the surface temperature of the glass 
exposed to the room (inside) air. 
















PROBLEM 1.7 


KNOWN: Dimensions of freezer compartment. Inner and outer surface temperatures. 

FIND: Thickness of styrofoam insulation needed to maintain heat load below prescribed 
value. 


SCHEMATIC: 



500W 


ASSUMPTIONS: (1) Perfectly insulated bottom, (2) One-dimensional conduction through 5 

2 

walls of area A = 4m , (3) Steady-state conditions, (4) Constant properties. 


ANALYSIS: Using Fourier’s law, Eq. 1.2, the heat rate is 


a - a" A - k A 

q _ q a - K A total 


Solving for L and recognizing that A tota | = 5xW% find 


L 


5 k A T W- 


L = 


5 x 0.03 W/m K [35- (-10)]° C (4m 2 ) 


500 W 


L = 0.054m = 54mm. < 

COMMENTS: The corners will cause local departures from one-dimensional conduction 
and a slightly larger heat loss. 




PROBLEM 1.8 

KNOWN: Dimensions and thermal conductivity of food/beverage container. Inner and outer 
surface temperatures. 

FIND: Heat flux through container wall and total heat load. 

SCHEMATIC: 



L = 0.025 m 


= 20°C 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer through bottom 
wall, (3) Uniform surface temperatures and one-dimensional conduction through remaining 
walls. 

ANALYSIS: From Fourier’s law, Eq. 1.2, the heat flux is 


, To-Ti 0.023 W/m-K (20-2) C ? 

q = k -*■ -i- =-^- - — = 16.6 W/m 2 

L 0.025 m 

Since the flux is uniform over each of the five walls through which heat is transferred, the 
heat load is 


< 


q = q'xAtota, = q" [H (2W! + 2W 2 ) + Wi x W 2 ] 


q = 16.6 W/rrC [0.6m(1.6m + 1.2m) + (0.8mx0.6m)J = 35.9 W < 

COMMENTS: The corners and edges of the container create local departures from one¬ 
dimensional conduction, which increase the heat load. However, for H, Wp W 2 » L, the 
effect is negligible. 










PROBLEM 1.9 


KNOWN: Masonry wall of known thermal conductivity has a heat rate which is 80% of that 
through a composite wall of prescribed thermal conductivity and thickness. 

FIND: Thickness of masonry wall. 

SCHEMATIC: 



Lj_ —*\ h—*1“ L z = lOOmm 


Masonry wall (l) Composite wall (z) 


ASSUMPTIONS: (1) Both walls subjected to same surface temperatures, (2) One¬ 
dimensional conduction, (3) Steady-state conditions, (4) Constant properties. 

ANALYSIS: For steady-state conditions, the conduction heat flux through a one-dimensional 
wall follows from Fourier’s law, Eq. 1.2, 


where AT represents the difference in surface temperatures. Since AT is the same for both 
walls, it follows that 


L, 


lA . S2 . 
2 k 2 qf 


With the heat fluxes related as 


q?= 0.8 q? 


Li 


= 100mm 


0.75 W/m-K 
0.25 W/m-K 


1 

x — 

0.8 


375mm. 


< 


COMMENTS: Not knowing the temperature difference across the walls, we cannot find the 
value of the heat rate. 




PROBLEM 1.10 


KNOWN: Thickness, diameter and inner surface temperature of bottom of pan used to boil 
water. Rate of heat transfer to the pan. 

FIND: Outer surface temperature of pan for an aluminum and a copper bottom. 

SCHEMATIC: 



t tt tt tt n i 

ASSUMPTIONS: (1) One-dimensional, steady-state conduction through bottom of pan. 

ANALYSIS: From Fourier’s law, the rate of heat transfer by conduction through the bottom 
of the pan is 


q = kA 


Tj-T 2 

L 


Hence, 


Tl=T 2 + 


qL 

kA 


where A = ttD 2 /4 = 7r(0.2m) 2 / 4 = 0.0314 m 2 . 


0 600W (0.005 m) 

Aluminum: T[ = 110 C +-^- J —rr = 110.40 C 


240 W/m-K 0.0314 m 


(o.0314m 2 ) 


Copper : T[ =110 °C + - 


600W (0.005 m) 

390 W/m -K^O.0314 m 2 j 


110.25 C 


COMMENTS: Although the temperature drop across the bottom is slightly larger for 
aluminum (due to its smaller thermal conductivity), it is sufficiently small to be negligible for 
both materials. To a good approximation, the bottom may be considered isothermal at T ~ 

110 °C, which is a desirable feature of pots and pans. 














PROBLEM 1.11 


KNOWN: Dimensions and thermal conductivity of a chip. Power dissipated on one surface. 
FIND: Temperature drop across the chip. 

SCHEMATIC: 



|P=4W 


ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Uniform heat 
dissipation, (4) Negligible heat loss from back and sides, (5) One-dimensional conduction in 
chip. 

ANALYSIS: All of the electrical power dissipated at the back surface of the chip is 
transferred by conduction through the chip. Hence, from Fourier’s law, 


or 


P = q = kA 


AT 

t 


AT _ t-P _ 0.001 mx4 W 

kW 2 150 W/m K (0.005 m) 2 

AT = 1.1° C. < 


COMMENTS: For fixed P, the temperature drop across the chip decreases with increasing k 
and W, as well as with decreasing t. 




PROBLEM 1.12 


KNOWN: Heat flux gage with thin-film thermocouples on upper and lower surfaces; output 
voltage, calibration constant, thickness and thermal conductivity of gage. 


FIND: (a) Heat flux, (b) Precaution when sandwiching gage between two materials. 


SCHEMATIC: 


0.2 

\5mm 



Ivt" 

ALT 


Cracje bonded — 
between laminates 


■&age ) k-1.4V\//m-K 
5 pair type - K TC 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat conduction in gage, 
(3) Constant properties. 


ANALYSIS: (a) Fourier’s law applied to the gage can be written as 


AT 

Ax 


and the gradient can be expressed as 

AT _ AE/N 
Ax S AB t 


where N is the number of differentially connected thermocouple junctions, S A b* s the Seebeck 
coefficient for type K thermocouples (A-chromel and B-alumel), and Ax = t is the gage 
thickness. Hence, 


NS A Bt 

1.4W/m.Kx350xl(Av = 98(x)w/m 2 

5x40x10'° V/°Cx0.25xl0' J m 


< 


(b) The major precaution to be taken with this type of gage is to match its thermal 
conductivity with that of the material on which it is installed. If the gage is bonded 
between laminates (see sketch above) and its thermal conductivity is significantly different 
from that of the laminates, one dimensional heat flow will be disturbed and the gage will 
read incorrectly. 

COMMENTS: If the thermal conductivity of the gage is lower than that of the laminates, 
will it indicate heat fluxes that are systematically high or low? 



PROBLEM 1.13 


KNOWN: Hand experiencing convection heat transfer with moving air and water. 

FIND: Determine which condition feels colder. Contrast these results with a heat loss of 30 W/m 2 under 
normal room conditions. 


SCHEMATIC: 


-—■—. 7^o= 10 °C 

Water y V= 0.2 m/s 
"-' h = 900 W/m 2 -K 


- Too= -5 °C 

Air / V= 35 km/h 

h = 40 W/m 2 -K 



ASSUMPTIONS: (1) Temperature is uniform over the hand’s surface, (2) Convection coefficient is 
uniform over the hand, and (3) Negligible radiation exchange between hand and surroundings in the case 
of air flow. 

ANALYSIS: The hand will feel colder for the condition which results in the larger heat loss. The heat 
loss can be determined from Newton’s law of cooling, Eq. 1.3a, written as 

q" = h(T s —To.) 

For the air stream: 

q ; ir =40w/m 2 K[30-(-5)]K = l,400w/m 2 < 


For the water stream: 

q'water = 900w/m 2 ■ K(30-10)K = 18,000w/m 2 < 

COMMENTS: The heat loss for the hand in the water stream is an order of magnitude larger than when 
in the air stream for the given temperature and convection coefficient conditions. In contrast, the heat 
loss in a normal room environment is only 30 W/m 2 which is a factor of 400 times less than the loss in 
the air stream. In the room environment, the hand would feel comfortable; in the air and water streams, 
as you probably know from experience, the hand would feel uncomfortably cold since the heat loss is 
excessively high. 






PROBLEM 1.14 


KNOWN: Power required to maintain the surface temperature of a long, 25-mm diameter cylinder 
with an imbedded electrical heater for different air velocities. 

FIND: (a) Determine the convection coefficient for each of the air velocity conditions and display 
the results graphically, and (b) Assuming that the convection coefficient depends upon air velocity as 
h = CV n , determine the parameters C and n. 

SCHEMATIC: 



V(m/s) 1 

P; (W/m) 450 

h (W/m 2 -K) 22.0 


2 4 

658 983 

32.2 48.1 


8 12 

1507 1963 

73.8 96.1 


ASSUMPTIONS: (1) Temperature is uniform over the cylinder surface, (2) Negligible radiation 
exchange between the cylinder surface and the surroundings, (3) Steady-state conditions. 

ANALYSIS: (a) From an overall energy balance on the cylinder, the power dissipated by the 
electrical heater is transferred by convection to the air stream. Using Newtons law of cooling on a per 
unit length basis, 

Pe = h(?rD)(T s -Too) 


where Pg is the electrical power dissipated per unit length of the cylinder. For the V = 1 m/s 
condition, using the data from the table above, find 

h = 450W/m/ ttx 0.025m(300-40)° C = 22.0w/m 2 K < 

Repeating the calculations, find the convection coefficients for the remaining conditions which are 
tabulated above and plotted below. Note that h is not linear with respect to the air velocity. 

(b) To determine the (C,n) parameters, we plotted h vs. V on log-log coordinates. Choosing C = 

22.12 W/m 2 K(s/m) n , assuring a match at V = 1, we can readily find the exponent n from the slope of 
the h vs. V curve. From the trials with n = 0.8, 0.6 and 0.5, we recognize that n = 0.6 is a reasonable 

choice. Hence, C = 22.12 and n = 0.6. ^ 


CD 

O 


CD 

O 


o 



Air velocity, V (m/s) 


—•— Data, smooth curve, 5-points 



Data , smooth curve, 5 points 
h = C * V A n, C = 22.1, n = 0.5 

































PROBLEM 1.15 


KNOWN: Long, 30mm-diameter cylinder with embedded electrical heater; power required 
to maintain a specified surface temperature for water and air flows. 

FIND: Convection coefficients for the water and air flow convection processes, h w and h a , 
respectively. 

SCHEMATIC: 



ASSUMPTIONS: (1) Flow is cross-wise over cylinder which is very long in the direction 
normal to flow. 

ANALYSIS: The convection heat rate from the cylinder per unit length of the cylinder has 
the form 

q' = h(nD) (T s - Too ) 



, 400 W/m 2 -T7- 

h a =-= 65 W/m z ■ K. 

k x 0.030m (90-25)° C 


COMMENTS: Note that the air velocity is 10 times that of the water flow, yet 


h w ~ 70 x h a . 

These values for the convection coefficient are typical for forced convection heat transfer with 
liquids and gases. See Table 1.1. 



PROBLEM 1.16 


KNOWN: Dimensions of a cartridge heater. Heater power. Convection coefficients in air 
and water at a prescribed temperature. 

FIND: Heater surface temperatures in water and air. 


SCHEMATIC: 


L~Z00mm 


D-ZOmm 



P=ZOOOW 


T ?n°C ( h =5000\N/m z -K (water) 
h=50W/m*K(air) 


ASSUMPTIONS: (1) Steady-state conditions, (2) All of the electrical power is transferred 
to the fluid by convection, (3) Negligible heat transfer from ends. 


ANALYSIS: With P = q conv , Newton’s law of cooling yields 

P=hA (T s - Too) = h^DL (T s - ) 

P 


T§ - + 


h^DL 


In water, 


T =20°C + - 


2000 W 


5000 W / nr • K x n x 0.02 mx 0.200 m 


T s = 20°C + 31.8°C = 51.8°C. 


In air, 


T =20°C + - 


2000 W 


50W/m“ ■ Kxttx 0.02 mx 0.200 m 


T s =20° C +3183° C = 3203° C. 


< 


< 


COMMENTS: (1) Air is much less effective than water as a heat transfer fluid. Hence, the 
cartridge temperature is much higher in air, so high, in fact, that the cartridge would melt. 

(2) In air, the high cartridge temperature would render radiation significant. 



PROBLEM 1.17 


KNOWN: Length, diameter and calibration of a hot wire anemometer. Temperature of air 
stream. Current, voltage drop and surface temperature of wire for a particular application. 

FIND: Air velocity 

SCHEMATIC: 



Hot wire (V ~ h 2 ) 

L = 20 mm, D = 0.5 mm 
E = 5V, I = 100 mA 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer from the wire by 
natural convection or radiation. 

ANALYSIS: If all of the electric energy is transferred by convection to the air, the following 
equality must be satisfied 

Pelec = El = hA (T s — ) 

where A = ;rDL = 7r(0.0005mx 0.02m) = 3.14x10 ^m 2 . 


Hence, 



= 318 W/m 2 K 


= 6.3 m/s 


< 


COMMENTS: The convection coefficient is sufficiently large to render buoyancy (natural 
convection) and radiation effects negligible. 




PROBLEM 1.18 


KNOWN: Chip width and maximum allowable temperature. Coolant conditions. 
FIND: Maximum allowable chip power for air and liquid coolants. 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer from sides and 
bottom, (3) Chip is at a uniform temperature (isothermal), (4) Negligible heat transfer by 
radiation in air. 

ANALYSIS: All of the electrical power dissipated in the chip is transferred by convection to 
the coolant. Hence, 

P = q 

and from Newton’s law of cooling, 

P = hA(T - Too) = h W 2 (T - T^). 

In air , 

Pmax = 200 W/m 2 K(0.005 m) 2 (85 - 15) 0 C = 0.35 W. < 

In the dielectric liquid 

Pmax = 3000 w/m 2 K(0.005 m) 2 (85-15) 0 C = 5.25 W. < 

COMMENTS: Relative to liquids, air is a poor heat transfer fluid. Hence, in air the chip can 
dissipate far less energy than in the dielectric liquid. 




PROBLEM 1.19 


KNOWN: Length, diameter and maximum allowable surface temperature of a power 
transistor. Temperature and convection coefficient for air cooling. 

FIND: Maximum allowable power dissipation. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer through base of 
transistor, (3) Negligible heat transfer by radiation from surface of transistor. 

ANALYSIS: Subject to the foregoing assumptions, the power dissipated by the transistor is 
equivalent to the rate at which heat is transferred by convection to the air. Hence, 

Pelec = ‘leonv = hA (T s - Too) 


where A =7 t|dL + D"" /4-j = % 0.012mx0.01m + (0.012m) A '/4 


= 4.90x10 4 m 2 . 


For a maximum allowable surface temperature of 85°C, the power is 

p elec =100W/m 2 K(4.90xl0 _4 m 2 ) (85-25)° C = 2.94 W < 

COMMENTS: (1) For the prescribed surface temperature and convection coefficient, 
radiation will be negligible relative to convection. However, conduction through the base 
could be significant, thereby permitting operation at a larger power. 

(2) The local convection coefficient varies over the surface, and hot spots could exist if there 
are locations at which the local value of h is substantially smaller than the prescribed average 
value. 














PROBLEM 1.20 


KNOWN: Air jet impingement is an effective means of cooling logic chips. 

FIND: Procedure for measuring convection coefficients associated with a 10 mm x 10 mm chip. 

SCHEMATIC: 



ASSUMPTIONS: Steady-state conditions. 

ANALYSIS: One approach would be to use the actual chip-substrate system. Case (a), to perform the 
measurements. In this case, the electric power dissipated in the chip would be transferred from the chip 
by radiation and conduction (to the substrate), as well as by convection to the jet. An energy balance for 
the chip yields q elec = q conv + q cond + q rad . Hence, with q conv = hA (T s - ) , where A = 100 

mirf is the surface area of the chip, 

i _ Qelec ~ Qcond ~ Qrad , i. 

A(T s - Too ) 

While the electric power (q e i ec ) and the jet (T CX1 ) and surface (T s ) temperatures may be measured, losses 
from the chip by conduction and radiation would have to be estimated. Unless the losses are negligible 
(an unlikely condition), the accuracy of the procedure could be compromised by uncertainties associated 
with determining the conduction and radiation losses. 

A second approach, Case (b), could involve fabrication of a heater assembly for which the 
conduction and radiation losses are controlled and minimized. A 10 mm x 10 mm copper block (k ~ 400 
W/m-K) could be inserted in a poorly conducting substrate (k < 0.1 W/m-K) and a patch heater could be 
applied to the back of the block and insulated from below. If conduction to both the substrate and 
insulation could thereby be rendered negligible, heat would be transferred almost exclusively through the 
block. If radiation were rendered negligible by applying a low emissivity coating (£ < 0.1) to the surface 
of the copper block, virtually all of the heat would be transferred by convection to the jet. Hence, q cond 
and q rad may be neglected in equation (1), and the expression may be used to accurately determine h 
from the known (A) and measured (q elec , T s , T^) quantities. 

COMMENTS: Since convection coefficients associated with gas flows are generally small, concurrent 
heat transfer by radiation and/or conduction must often be considered. However, jet impingement is one 
of the more effective means of transferring heat by convection and convection coefficients well in excess 
of 100 W/m-K may be achieved. 
























PROBLEM 1.21 


KNOWN: Upper temperature set point, T set , of a bimetallic switch and convection heat 
transfer coefficient between clothes dryer air and exposed surface of switch. 


FIND: Electrical power for heater to maintain T set when air temperature is Too = 50°C. 


SCHEMATIC: 


■elec 


1^=50°C 

h=25W/m*K_ 


4wwwvwwW 




T 


Dryer wall 
'Insulation pad 
' Electrical heater 
-Bimetallic switch 


■conv 


7^= 7 0°C, A s = 30/77777* 


ASSUMPTIONS: (1) Steady-state conditions, (2) Electrical heater is perfectly insulated 
from dryer wall, (3) Heater and switch are isothermal at T set , (4) Negligible heat transfer from 
sides of heater or switch, (5) Switch surface, A s , loses heat only by convection. 


ANALYSIS: Define a control volume around the bimetallic switch which experiences heat 
input from the heater and convection heat transfer to the dryer air. That is, 

Ein ‘ Eout = 0 

delec " hA s (Tset — Too) = 0. 


The electrical power required is, 
delec = (Tset _T °°) 

q elec =25 W/m 2 Kx30xl0' 6 m 2 (70-50)K=15 mW. < 

COMMENTS: (1) This type of controller can achieve variable operating air temperatures 
with a single set-point, inexpensive, bimetallic-thermostatic switch by adjusting power levels 
to the heater. 

(2) Will the heater power requirement increase or decrease if the insulation pad is other than 
perfect? 





PROBLEM 1.22 


KNOWN: Hot vertical plate suspended in cool, still air. Change in plate temperature with time at 
the instant when the plate temperature is 225°C. 

FIND: Convection heat transfer coefficient for this condition. 

SCHEMATIC: 



ASSUMPTIONS: (1) Plate is isothermal and of uniform temperature, (2) Negligible radiation 
exchange with surroundings, (3) Negligible heat lost through suspension wires. 


ANALYSIS: As shown in the cooling curve above, the plate temperature decreases with time. The 

condition of interest is for time t G . For a control surface about the plate, the conservation of energy 
requirement is 



where A s is the surface area of one side of the plate. Solving for h, find 


Mcp dT 
2A S (T§ — Too ) dt 


3.75 kg x 2770 J/kg -K 
2x(0.3x0.3)m 2 (225 -25) K 


-x0.022 K/s=6.4 W/m z ■ K 


< 


COMMENTS: (1) Assuming the plate is very highly polished with emissivity of 0.08, determine 
whether radiation exchange with the surroundings at 25°C is negligible compared to convection. 

(2) We will later consider the criterion for determining whether the isothermal plate assumption is 
reasonable. If the thermal conductivity of the present plate were high (such as aluminum or copper), 
the criterion would be satisfied. 








PROBLEM 1.23 


KNOWN: Width, input power and efficiency of a transmission. Temperature and convection 
coefficient associated with air flow over the casing. 

FIND: Surface temperature of casing. 

SCHEMATIC: 

Too = 30°C 



ASSUMPTIONS: (1) Steady state, (2) Uniform convection coefficient and surface temperature, (3) 
Negligible radiation. 

ANALYSIS: From Newton’s law of cooling, 

q = hA s (T s -T 00 ) = 6 hW 2 (T s -T 00 ) 

where the output power is T| Pj and the heat rate is 

q = p x —p Q = ( 1 — 77 ) = 150hpx746 W/hpx0.07 = 7833 W 


Hence, 


: T +- 

A oo 1 


6 hW" 


30°C + - 


7833 W 


6x200 W/m 2 Kx(0.3m)" 


:102.5°C 


< 


COMMENTS: There will, in fact, be considerable variability of the local convection coefficient 
over the transmission case and the prescribed value represents an average over the surface. 












PROBLEM 1.24 


KNOWN: Air and wall temperatures of a room. Surface temperature, convection coefficient 
and emissivity of a person in the room. 

FIND: Basis for difference in comfort level between summer and winter. 

SCHEMATIC: 



9 rad 


- 7 - 

T sur = 27°C (summer) 
T SU r = -14°C (winter) 


ASSUMPTIONS: (1) Person may be approximated as a small object in a large enclosure. 

ANALYSIS: Thermal comfort is linked to heat loss from the human body, and a chilled 
feeling is associated with excessive heat loss. Because the temperature of the room air is 
fixed, the different summer and winter comfort levels can not be attributed to convection heat 
transfer from the body. In both cases, the heat flux is 

Summer and Winter, qconv = h (T s — Too) = 2 W/m^ ■ Kxl2 °C = 24 W/mC 
However, the heat flux due to radiation will differ, with values of 

Summer. q" ad = so (t 4 -T s 4 r ) = 0.9 x 5.67 xlO -8 W/m 2 -K 4 ^305 4 -300 4 )k 4 = 28.3 W/m 2 

Winter. q" ad = so (t 4 -T s 4 r j = 0.9 x 5.67 xlO -8 W/m 2 • K 4 ^305 4 - 287 4 )k 4 = 95.4 W/m 2 

There is a significant difference between winter and summer radiation fluxes, and the chilled 
condition is attributable to the effect of the colder walls on radiation. 

2 

COMMENTS: For a representative surface area of A = 1.5 m , the heat losses are q CO nv = 

36 W, q ra d(summer) = 42.5 W and q ra d(winter) = 143.1 W. The winter time radiation loss is 
significant and if maintained over a 24 h period would amount to 2,950 kcal. 





PROBLEM 1.25 


KNOWN: Diameter and emissivity of spherical interplanetary probe. Power dissipation 
within probe. 

FIND: Probe surface temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation incident on the probe. 


ANALYSIS: Conservation of energy dictates a balance between energy generation within the 
probe and radiation emission from the probe surface. Hence, at any instant 


E 0 ut + Eg - 0 


£ A s oT s 


T s = 


4/4 


v £7lD~G j 


T s = 


4/4 


150W 


0 . 8 ^:(0.5 m) 2 5.67x10 8 W/m 2 -K 4 


T s = 254.7 K. < 

COMMENTS: Incident radiation, as, for example, from the sun, would increase the surface 
temperature. 



PROBLEM 1.26 


KNOWN: Spherical shaped instrumentation package with prescribed surface emissivity within a 
large space-simulation chamber having walls at 77 K. 

FIND: Acceptable power dissipation for operating the package surface temperature in the range T s = 
40 to 85°C. Show graphically the effect of emissivity variations for 0.2 and 0.3. 

SCHEMATIC: 



ASSUMPTIONS: (1) Uniform surface temperature, (2) Chamber walls are large compared to the 
spherical package, and (3) Steady-state conditions. 


ANALYSIS: From an overall energy balance on the package, the internal power dissipation P e will 
be transferred by radiation exchange between the package and the chamber walls. From Eq. 1.7, 


%ad — ^e — £A s <7 |t s T sur j 


For the condition when T s = 40°C, with A s = 7tD the power dissipation will be 
P e =0.25(Trx0.10m)x5.67xl0 _8 w/m 2 K 4 x (40 + 273) 4 -if 


K = 4.3 W 


Repeating this calculation for the range 40 < T s < 85°C, we can obtain the power dissipation as a 
function of surface temperature for the £ = 0.25 condition. Similarly, with 0.2 or 0.3, the family of 
curves shown below has been obtained. 



Surface emissivity, eps = 0.3 
eps = 0.25 
eps = 0.2 


COMMENTS: (1) As expected, the internal power dissipation increases with increasing emissivity 
and surface temperature. Because the radiation rate equation is non-linear with respect to 
temperature, the power dissipation will likewise not be linear with surface temperature. 

(2) What is the maximum power dissipation that is possible if the surface temperature is not to exceed 
85°C? What kind of a coating should be applied to the instrument package in order to approach this 
limiting condition? 


























PROBLEM 1.27 


KNOWN: Area, emissivity and temperature of a surface placed in a large, evacuated 
chamber of prescribed temperature. 

FIND: (a) Rate of surface radiation emission, (b) Net rate of radiation exchange between 
surface and chamber walls. 


SCHEMATIC: 



ASSUMPTIONS: (1) Area of the enclosed surface is much less than that of chamber walls. 
ANALYSIS: (a) From Eq. 1.5, the rate at which radiation is emitted by the surface is 

^emit — E A = eA(jT s 

qemit = 0.81().5 m 2 j 5.67 x 10" 8 W/m 2 K 4 [(150 + 273)K] 4 


qen.it = 726 W. 


(b) From Eq. 1.7, the net rate at which radiation is transferred from the surface to the chamber 
walls is 

q = e A o |t 4 - T^ r j 

q = 0.8^0.5 m 2 ) 5.67 x 10' 8 W/m 2 K 4 (423K) 4 - (298K) Z 


q = 547 W. < 

COMMENTS: The foregoing result gives the net heat loss from the surface which occurs at 
the instant the surface is placed in the chamber. The surface would, of course, cool due to this 
heat loss and its temperature, as well as the heat loss, would decrease with increasing time. 
Steady-state conditions would eventually be achieved when the temperature of the surface 
reached that of the surroundings. 




PROBLEM 1.28 


KNOWN: Length, diameter, surface temperature and emissivity of steam line. Temperature 
and convection coefficient associated with ambient air. Efficiency and fuel cost for gas fired 
furnace. 

FIND: (a) Rate of heat loss, (b) Annual cost of heat loss. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steam line operates continuously throughout year, (2) Net radiation 
transfer is between small surface (steam line) and large enclosure (plant walls). 

ANALYSIS: (a) From Eqs. (1.3a) and (1.7), the heat loss is 


9 - Oconv + Orad - A 


h (T s Too) + £C7 |t s T sur j 


where A = 7rDL = 7r(0.1mx 25m) = 7.85m . 

Hence, 

q = 7.85m 2 10 W/m 2 K(150-25)K + 0.8x5.67xlO~ 8 W/m 2 K 4 ^423 4 -298 4 )k' 

q = 7.85m 2 (1,250 + 1,095) w/m 2 =(9813 + 8592)W = 18,405 W < 

(b) The annual energy loss is 

E = qt = 18,405 W x 3600 s/h x 24h/d x 365 d/y = 5.80x 10 11 J 

With a furnace energy consumption of Ef = E/r/f = 6.45x10^ ^ J, the annual cost of the loss 
is 


C = C g Ef = 0.01 $/MJx6.45x10 5 MJ = $6450 < 

COMMENTS: The heat loss and related costs are unacceptable and should be reduced by 
insulating the steam line. 








PROBLEM 1.29 


KNOWN: Exact and approximate expressions for the linearized radiation coefficient, h r and h ra , 
respectively. 

FIND: (a) Comparison of the coefficients with £ = 0.05 and 0.9 and surface temperatures which may 
exceed that of the surroundings (T sur = 25°C) by 10 to 100°C; also comparison with a free convection 
coefficient correlation, (b) Plot of the relative error (h r - r ra )/h, as a function of the furnace temperature 
associated with a workpiece at T s = 25°C having £ = 0.05, 0.2 or 0.9. 

ASSUMPTIONS: (1) Furnace walls are large compared to the workpiece and (2) Steady-state 
conditions. 

ANALYSIS: (a) The linearized radiation coefficient, Eq. 1.9, follows from the radiation exchange 
rate equation, 

h r = £(7 (T s + T sur ) (t 2 + T s 2 ur j 

If T s ~ T sur , the coefficient may be approximated by the simpler expression 
hr,a = 4£dT T = (T s +T sur )/2 

For the condition of £ = 0.05, T s = T sur + 10 = 35°C = 308 K and T sur = 25°C = 298 K, find that 

h r = 0.05x5.67xl0~ 8 w/m 2 ■ K 4 (308 + 298)|308 2 + 298 2 |k 3 =0.32w/ m 2 ■ K < 

h r<a =4x0.05x5.67xl0 -8 w/m 2 K 4 ((308 + 298)/2) 3 K 3 =0.32w/m 2 K < 

The free convection coefficient with T s = 35°C and T o = T sur = 25°C, find that 

h = 0.98AT 173 = 0.98(T s -T^) 1/3 = 0.98(308 -298) 1/3 = 2.1 w/m 2 ■ K < 

For the range T s - T sur = 10 to 100°C with £ = 0.05 and 0.9, the results for the coefficients are 
tabulated below. For this range of surface and surroundings temperatures, the radiation and free 
convection coefficients are of comparable magnitude for moderate values of the emissivity, say £ > 

0.2. The approximate expression for the linearized radiation coefficient is valid within 2% for these 
conditions. 

(b) The above expressions for the radiation coefficients, h r and h r a , are used for the workpiece at T s = 
25°C placed inside a furnace with walls which may vary from 100 to 1000°C. The relative error, (h, - 
h ra )/h r , will be independent of the surface emissivity and is plotted as a function of T sur . For T sur > 
150°C, the approximate expression provides estimates which are in error more than 5%. The 
approximate expression should be used with caution, and only for surface and surrounding 
temperature differences of 50 to 100°C. 


Coefficients (W/m-K) 


's (°C) 

£ 

h r 

h,. a 

h 

35 

0.05 

0.32 

0.32 

2.1 


0.9 

5.7 

5.7 


135 

0.05 

0.51 

0.50 

4.7 


0.9 

9.2 

9.0 




Surroundings temperature, Tsur (C) 




PROBLEM 1.30 


KNOWN: Chip width, temperature, and heat loss by convection in air. Chip emissivity and 
temperature of large surroundings. 

FIND: Increase in chip power due to radiation. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Radiation exchange between small surface 
and large enclosure. 

ANALYSIS: Heat transfer from the chip due to net radiation exchange with the surroundings 
is 

q r ad =£W 2 <t(t 4 -T s 4 r ) 

q rad =0.9(0.005 m) 2 5.67xl0 -8 W/m 2 - K 4 ^358 4 - 288 4 JK 4 
qrad = 0.0122 W. 

The percent increase in chip power is therefore 

— xl00= qrad x 100 = 0-0122 W x 100 = 3.5%. < 

P Oconv 0.350 W 

COMMENTS: For the prescribed conditions, radiation effects are small. Relative to 
convection, the effect of radiation would increase with increasing chip temperature and 
decreasing convection coefficient. 



PROBLEM 1.31 


KNOWN: Width, surface emissivity and maximum allowable temperature of an electronic chip. 
Temperature of air and surroundings. Convection coefficient. 

2 1/4 

FIND: (a) Maximum power dissipation for free convection with h(W/m K) = 4.2(T - Too) , (b) 

2 

Maximum power dissipation for forced convection with h = 250 W/m K. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Radiation exchange between a small surface and a 
large enclosure, (3) Negligible heat transfer from sides of chip or from back of chip by conduction 
through the substrate. 

ANALYSIS: Subject to the foregoing assumptions, electric power dissipation by the chip must be 
balanced by convection and radiation heat transfer from the chip. Hence, from Eq. (1.10), 

Pelec = Oconv + Orad = hA (T s - Too) + £ Act |t s - T sur j 

where A = L 2 = (0.015m) 2 = 2.25xl0 _4 m 2 . 

(a) If heat transfer is by natural convection, 

q conv =CA(T S -Too) 574 =4.2 W/m 2 K 5/4 (2.25xl0 _4 m 2 )(60K) 5/4 =0.158 W 
Orad = 0.60 (2.25 x 10 -4 m 2 ) 5.67 x 10 -8 W/m 2 ■ K 4 ^358 4 - 298 4 ) K 4 = 0.065 W 

p elec =0T58 W +0.065 W = 0.223 W < 

(b) If heat transfer is by forced convection, 

q COnV = hA ( T s - Too ) = 250 W/m 2 ■ K (2.25xl0 -4 m 2 j(60K) = 3.375 W 

Pelec =3.375 W + 0.065 W = 3.44 W < 

COMMENTS: Clearly, radiation and natural convection are inefficient mechanisms for transferring 

2 

heat from the chip. For T s = 85°C and T^ = 25°C, the natural convection coefficient is 11.7 W/m K. 

2 

Even for forced convection with h = 250 W/m K, the power dissipation is well below that associated 
with many of today’s processors. To provide acceptable cooling, it is often necessary to attach the 
chip to a highly conducting substrate and to thereby provide an additional heat transfer mechanism 
due to conduction from the back surface. 









PROBLEM 1.32 


KNOWN: Vacuum enclosure maintained at 77 K by liquid nitrogen shroud while baseplate is 
maintained at 300 K by an electrical heater. 

FIND: (a) Electrical power required to maintain baseplate, (b) Liquid nitrogen consumption rate, (c) 
Effect on consumption rate if aluminum foil (£p = 0.09) is bonded to baseplate surface. 


SCHEMATIC: 


Shroud\ T sh =77t< 


LNp,™ 


'Z' m LN, 


T p =300K,£ p =0.25' 
Insulation- 



'f %kc 


X-sooK- 






rad 


3} 


• Baseplate , D p =0.3m 
Electrical heater 


\ 9 ' 


elec 


ASSUMPTIONS: (1) Steady-state conditions, (2) No heat losses from backside of heater or sides of 
plate, (3) Vacuum enclosure large compared to baseplate, (4) Enclosure is evacuated with negligible 
convection, (5) Liquid nitrogen (LN2) is heated only by heat transfer to the shroud, and (6) Foil is 
intimately bonded to baseplate. 

PROPERTI E S: Heat of vaporization of liquid nitrogen (given): 125 kJ/kg. 


ANALYSIS: (a) From an energy balance on the baseplate, 


E- 


0 


0 


'in “'out ' J ^elec 0 rad 

and using Eq. 1.7 for radiative exchange between the baseplate and shroud, 

Oelec = e p A p (7 ( T p ' T ^h )' 

Substituting numerical values, with Ap = ^Dp/4j, find 

q e iec =0.25^(0.3m) 2 /4l5.67xl0 -8 W/m 2 K 4 (300 4 - 77 4 )k 4 = 8.1 W. 


(b) From an energy balance on the enclosure, radiative transfer heats the liquid nitrogen stream 
causing evaporation, 

K - Eout = 0 q r ad - lh LN2 h r g = 0 

where m [ N 2 is the liquid nitrogen consumption rate. Hence, 

I ^ 1 LN2 = ^rad ^fg = 8.1 W/125 kJ/kg = 6.48x10’^ kg/s = 0.23 kg/h. 


(c) If aluminum foil (£p = 0.09) were bonded to the upper surface of the baseplate, 
Qrad.foil = q r ad (e f /e p ) = 8.1 W (0.09/0.25) = 2.9 W 
and the liquid nitrogen consumption rate would be reduced by 


(0.25 - 0.09)/0.25 = 64% to 0.083 kg/h. 


< 








PROBLEM 1.33 


KNOWN: Width, input power and efficiency of a transmission. Temperature and convection 
coefficient for air flow over the casing. Emissivity of casing and temperature of surroundings. 

FIND: Surface temperature of casing. 

SCHEMATIC: 


Too = 30°C 



ASSUMPTIONS: (1) Steady state, (2) Uniform convection coefficient and surface temperature, (3) 
Radiation exchange with large surroundings. 

ANALYSIS: Heat transfer from the case must balance heat dissipation in the transmission, which 
may be expressed as q = Pj - P 0 = Pj (1 - p) = 150 hp x 746 W/hp x 0.07 = 7833 W. Heat transfer 
from the case is by convection and radiation, in which case 


q = A s 


h (T s Tqo ) + £<7 |t s T sur j 


where A s = 6 W . Hence, 

7833 W = 6(0.30m) 2 200W/m 2 K(T S -303K) + 0.8x5.67x10~ 8 W/m 2 • K 4 (t 4 -303 4 )k 4 


A trial-and-error solution yields 

T s ~ 373 K = 100°C < 

COMMENTS: (1) For T s ~ 373 K, q con v ~ 7,560 W and q rat j ~ 270 W, in which case heat transfer is 
dominated by convection, (2) If radiation is neglected, the corresponding surface temperature is T s = 
102.5°C. 














PROBLEM 1.34 


KNOWN: Resistor connected to a battery operating at a prescribed temperature in air. 

FIND: (a) Considering the resistor as the system, determine corresponding values for Ej n (W ), 

E ct ( W), E out (W ) and E st (W ). If a control surface is placed about the entire system, determine 

the values for Ej n , Eg , E out , and E st . (b) Determine the volumetric heat generation rate within 

the resistor, q (W/m ), (c) Neglecting radiation from the resistor, determine the convection 
coefficient. 


SCHEMATIC: 


I = 6 A 



Resistor, T s = 95 °C 

D- 60 mm, L = 250 mm, q (W/m^) 



ASSUMPTIONS: (1) Electrical power is dissipated uniformly within the resistor, (2) Temperature 
of the resistor is uniform, (3) Negligible electrical power dissipated in the lead wires, (4) Negligible 
radiation exchange between the resistor and the surroundings, (5) No heat transfer occurs from the 
battery, (5) Steady-state conditions. 

ANALYSIS: (a) Referring to Section 1.3.1, the conservation of energy requirement for a control 

volume at an instant of time, Eq 1.1 la, is 


E in +E„ -E 


out 



where Ej n , E out correspond to surface inflow and outflow processes, respectively. The energy 
generation term Eg is associated with conversion of some other energy form (chemical, electrical, 
electromagnetic or nuclear) to thermal energy. The energy storage term E st is associated with 
changes in the internal, kinetic and/or potential energies of the matter in the control volume. Eg, 

E st are volumetric phenomena. The electrical power delivered by the battery is P = VI = 24Vx6A = 
144 W. 

Control volume: Resistor. 

E in =0 E OLlt =144W 

< 

Eg =144W E st =0 

The Eg term is due to conversion of electrical energy to thermal energy. The term E out is due to 
convection from the resistor surface to the air. 



Continued... 




















PROBLEM 1.34 (Cont.) 


Control volume: Battery-Resistor System. 

E in =0 E out =144W < 

E g =0 E st = -144 W 



The E st term represents the decrease in the chemical energy within the battery. The conversion of 
chemical energy to electrical energy and its subsequent conversion to thermal energy are processes 
internal to the system which are not associated with E st or Eg. The E out term is due to convection 
from the resistor surface to the air. 

(b) From the energy balance on the resistor with volume, V = (7tD 2 /4)L, 

E g =qV 144W=q(^: (0.06m) 2 /4)x0.25m q = 2.04xl0 5 w/m 3 < 

(c) From the energy balance on the resistor and Newton's law of cooling with A s = 7tDL + 2(7lD74), 

Eout = 9cv = hA s (T s — Too) 


144 W = h 


7rx0.06mx0.25m + 2 


^rxO.06 2 m 2 / 


4) (95-25)°C 


144 W = h [0.0471 + 0.0057]m 2 (95 - 25)° C 

h = 39.0 w/ m 2 K < 


COMMENTS: (1) In using the conservation of energy requirement, Eq. 1 . 1 la, it is important to 
recognize that Ej n and E out will always represent surface processes and Eg and E st , volumetric 

processes. The generation term E CT is associated with a conversion process from some form of 

energy to thermal energy. The storage term E st represents the rate of change of internal energy. 


(2) From Table 1.1 and the magnitude of the convection coefficient determined from part (c), we 
conclude that the resistor is experiencing forced, rather than free, convection. 

















PROBLEM 1.35 


KNOWN: Thickness and initial temperature of an aluminum plate whose thermal environment is 
changed. 

FIND: (a) Initial rate of temperature change, (b) Steady-state temperature of plate, (c) Effect of 
emissivity and absorptivity on steady-state temperature. 


SCHEMATIC: 


Tex 

h ■- 


= 20 °C 
20 W/m 2 • K 


.9 conv 


Al plate 

p = 2700 kg/m 3 
c = 900 J/kg K 


I- - In 


/ 


G s = 900 W/m 2 


z st 


L = 4 mm 


'>>>>>>>>>>>>>>>>>>}>>>>>>>>}}>>. 


f 


Special coating 
0.80 


La. g 

s = 0.25 


Initial temperature, T; = 25 °C 


ASSUMPTIONS: (1) Negligible end effects, (2) Uniform plate temperature at any instant, (3) 
Constant properties, (4) Adiabatic bottom surface, (5) Negligible radiation from surroundings, (6) No 
internal heat generation. 


ANALYSIS: (a) Applying an energy balance, Eq. 1.1 la, at an instant of time to a control volume 
about the plate, Ej n -E out = E st , it follows for a unit surface area. 


«S G S (lm 2 )-E(lm 2 )- q ; onv (lm 2 ) = (d/dt)(McT) = p( 
jing and substituting from Eqs. 1.3 and 1.5, we 
dT/dt = (1/pLc) f" a s G s - eaTj 4 - h (Tj - ) 


lm'xL 


)c(dT/dt). 


dT/dt = 12700kg/nr 2 x0.004mx900 j/kg • k| x 

0.8x900 w/m 2 -0.25x5.67 x 10“ 8 w/m 2 • K 4 (298 K ) 4 - 20 w/m 2 • K (25 - 20)° C 


dT/dt = 0.052° C/s . < 

(b) Under steady-state conditions, E st = 0, and the energy balance reduces to 

a s G s =ec7T 4 +h(T-T 00 ) (2) 

0.8 x900 w/m 2 = 0.25 x5.67 x 10“ 8 w/m 2 • K 4 xT 4 + 20 w/m 2 • K (T - 293 K) 

The solution yields T = 321.4 K = 48.4°C. < 

(c) Using the IHT First Law Model for an Isothermal Plane Wall, parametric calculations yield the 
following results. 



Coating emissivity, eps 


- Solar absorptivity, alphas = 1 

—x— alphas = 0.8 
—©— alphas = 0.5 

COMMENTS: The surface radiative properties have a significant effect on the plate temperature, 
which decreases with increasing £ and decreasing DCs- If a low temperature is desired, the plate 
coating should be characterized by a large value of £/0Cs- The temperature also decreases with 
increasing h. 
























PROBLEM 1.36 


KNOWN: Surface area of electronic package and power dissipation by the electronics. 
Surface emissivity and absorptivity to solar radiation. Solar flux. 

FIND: Surface temperature without and with incident solar radiation. 

SCHEMATIC: 



ASSUMPTIONS: Steady-state conditions. 

ANALYSIS: Applying conservation of energy to a control surface about the compartment, at 
any instant 


E i n ' E out +E g - 0. 


It follows that, with the solar input, 

a s A sqs- A s E+p=0 

«s A sqs- A s ef 7 T s 4 + p=0 

' A - o4 /4 

a s A sqs +p 

a s £C7 

In the shade (qj§ = 0), 


1000 W 


a/4 


V 1 m 2 xlx5.67x10 8 W/m 2 K 4 y 


: 364 K. 


In the sun, 


f 0.25 x 1 m 2 x 750 W/m 2 +1000 W N 
1 m 2 xlx5.67xl0~ 8 W/m 2 K 4 


,1/4 


380 K. 


COMMENTS: In orbit, the space station would be continuously cycling between shade and 
sunshine, and a steady-state condition would not exist. 




PROBLEM 1.37 


KNOWN: Daily hot water consumption for a family of four and temperatures associated with ground 
water and water storage tank. Unit cost of electric power. Heat pump COP. 

FIND: Annual heating requirement and costs associated with using electric resistance heating or a 
heat pump. 

SCHEMATIC: 


Q 

Electric heater or 
heat pump, 

COP =3 


ASSUMPTIONS: (1) Process may be modelled as one involving heat addition in a closed system, 

(2) Properties of water are constant. 

PROPERTIES: Table A-6, Water (T ave = 308 K): p= vy 1 = 993 kg/m 3 , c pf = 4.178 kJ/kg-K. 

ANALYSIS: From Eq. 1.11c, the daily heating requirement is Qdaily = t = McAT 
= pVc (Tf - Tj). With V = 100 gal/264.17 gal/m 3 = 0.379 m 3 , 

Qdaily = 993kg /m 3 (o.379m 3 )4.178kJ/kg ■ k(40°c) = 62,900kJ 

, -j 

The annual heating requirement is then, Q annua i = 365days(62,900kJ/day) = 2.30X10' kJ , or, 
with 1 kWh = 1 kJ/s (3600 s) = 3600 kJ, 

Qannuai = 6380 kWh < 

With electric resistance heating, Q annua | = Q e | ec and the associated cost, C, is 

C = 6380kWh($0.08/kWh) = $510 < 

If a heat pump is used, Q annua i = COP ( W c | ec ). Hence, 

W e iec = Qannual/(COP) = 6380kWh/(3) = 2130kWh 
The corresponding cost is 

C = 2130 kWh ($0.08/kWh) = $170 < 

COMMENTS: Although annual operating costs are significantly lower for a heat pump, 
corresponding capital costs are much higher. The feasibility of this approach depends on other factors 
such as geography and seasonal variations in COP, as well as the time value of money. 



Water, 7,= 15 °C 
Tf= 55°C, V- 100gal 




PROBLEM 1.38 


KNOWN: Initial temperature of water and tank volume. Power dissipation, emissivity, 
length and diameter of submerged heaters. Expressions for convection coefficient associated 
with natural convection in water and air. 

FIND: (a) Time to raise temperature of water to prescribed value, (b) Heater temperature 
shortly after activation and at conclusion of process, (c) Heater temperature if activated in air. 

SCHEMATIC: 


Water 
T = 295 K 
T f = 335 K 

Heater 
L = 250 mm 
D = 25 mm 
q-l = 500 W 



ASSUMPTIONS: (1) Negligible heat loss from tank to surroundings, (2) Water is well- 
mixed (at a uniform, but time varying temperature) during heating, (3) Negligible changes in 
thermal energy storage for heaters, (4) Constant properties, (5) Surroundings afforded by tank 
wall are large relative to heaters. 

ANALYSIS: (a) Application of conservation of energy to a closed system (the water) at an 
instant, Eq. (1.1 Id), yields 


dU 

dt 



= pVc 


dT 

dt 


= q = 3qi 


Tf 


Hence, j^dt = (pVc/3qj) J T dT 


t = 


990 kg/m 3 xlOgal(3.79x10 3 m 3 /gal^4180J/kg ■ K 


3x500 W 


(335 - 295) K = 4180 s < 


(b) From Eq. (1.3a), the heat rate by convection from each heater is 
Q1 = AqJ = Ah(T s -T) = (?rDL)370(T s -T) 4/3 


Hence, 


T S =T + 


91 


370ttDL 


\3/4 f 
= T + 


500 W 


\3/4 


370 W/m 2 K 4/3 X7Tx0.025 mx0.250m 


:(T + 24)K 


With water temperatures of Tj ~ 295 K and Tf = 335 K shortly after the start of heating and at 
the end of heating, respectively, 


T s .i = 319 K 


T s ,f = 359 K 


Continued 
















PROBLEM 1.38 (Continued) 


(c) From Eq. (1.10), the heat rate in air is 


qi = ttDL 


0.70 (T s -T 0 


,) 4/3 +ot 


/.p4_-p4 \ 
1 x s x sur I 


Substituting the prescribed values of qp D, L, Too = T sur and 8, an iterative solution yields 
T s = 830 K < 

COMMENTS: In part (c) it is presumed that the heater can be operated at T s = 830 K 
without experiencing burnout. The much larger value of T s for air is due to the smaller 

convection coefficient. However, with q CO nv an d Orad equal to 59 W and 441 W, respectively, 
a significant portion of the heat dissipation is effected by radiation. 



PROBLEM 1.39 


KNOWN: Power consumption, diameter, and inlet and discharge temperatures of a hair 
dryer. 

FIND: (a) Volumetric flow rate and discharge velocity of heated air, (b) Heat loss from case. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Constant air properties, (3) Negligible potential and 
kinetic energy changes of air flow, (4) Negligible work done by fan, (5) Negligible heat 
transfer from casing of dryer to ambient air (Part (a)), (6) Radiation exchange between a small 
surface and a large enclosure (Part (b)). 

ANALYSIS: (a) For a control surface about the air flow passage through the dryer, 
conservation of energy for an open system reduces to 

m(u+pv). -m(u + pv) o +q = 0 


where u + pv = i and q = P e iec- Hence, with m(ij -i Q ) = mcp (Tj -T 0 ), 
™ c p (To - Tj) = P e i ec 

500 W 


rii= Pelec 


v = — 


c p( T o- T i) 1007 J/kg ■ k|25°c| 

m _ 0.0199 kg/s 
P 1.10 kg/m 3 


= 0.0199 kg/s 


0.0181 m /s 


V, 


V 4V 4x0.0181 m J /s 


° A c ttD 2 n (0.07 m) 2 


: 4.7 m/s 


(b) Heat transfer from the casing is by convection and radiation, and from Eq. (1.10) 
q = hA s (T s -Too ) + eA s c |t s _ T sur j 


< 


< 


Continued 




















PROBLEM 1.39 (Continued) 


where A s = ;rDL = n (0.07 mxO. 15 m) = 0.033 m 2 . Hence, 

q = 4W/m 2 ■ K (o.033 m 2 ) (20° C) + 0.8 x 0.033 m 2 x 5.67 x 10~ 8 W/m 2 ■ K 4 ( 3 13 4 - 293 4 ) K 4 

q = 2.64 W + 3.33 W = 5.97 W < 

The heat loss is much less than the electrical power, and the assumption of negligible heat loss 
is justified. 

COMMENTS: Although the mass flow rate is invariant, the volumetric flow rate increases 
as the air is heated in its passage through the dryer, causing a reduction in the density. 

However, for the prescribed temperature rise, the change in p, and hence the effect on V, is 
small. 



PROBLEM 1.40 


KNOWN: Speed, width, thickness and initial and final temperatures of 304 stainless steel in an 
annealing process. Dimensions of annealing oven and temperature, emissivity and convection 
coefficient of surfaces exposed to ambient air and large surroundings of equivalent temperatures. 
Thickness of pad on which oven rests and pad surface temperatures. 

FIND: Oven operating power. 


SCHEMATIC: 

Oven 


H Q -2 m 


■ 7^= 300 K 
-h= 10 W/m 2 -K 


,elec 

L 0 = 25m -h 



t c = 0.5 m Concrete 


T b = 300 K 


T s = 350 K 

E s = 0.8 


t s = 0.008 m 


\/ s = 0.01 m/s 
f H/g = 2 m 


T sur= 300 K 


X ♦ 


ASSUMPTIONS: (1) steady-state, (2) Constant properties, (3) Negligible changes in kinetic and 
potential energy. 


PROPERTIES: Table A. 1, St.St.304 (T = (Ti + T 0 )/2 = 775 K): p = 7900 kg/m 3 , c p = 578 
J/kg-K; Table A.3, Concrete, T = 300 K: k c = 1.4 W/m-K. 

ANALYSIS: The rate of energy addition to the oven must balance the rate of energy transfer to the 
steel sheet and the rate of heat loss from the oven. With Ej n — E out — = 0, it follows that 


P e lec+m(ui-u o )-q = 0 

where heat is transferred from the oven. With m = pV s (W s t s ), (uj — u G ) = Cp (Tj — T 0 ), and 

q = (2H 0 L 0 + 2H 0 W 0 + W 0 L 0 )x[h(T s -) + £ s cr( t s 4 -T 4 r )] +k c (W 0 L 0 )(T s -T b )/t c , 
it follows that 

Pelec = P\ (W s t s )c p (To - Tj) + (2H 0 L 0 + 2H 0 W 0 + W 0 L 0 )x 
h (T s - T„) + e s a (T s 4 - T s 4 ur )] + k c CW 0 L 0 ) (T s - T b yt c 

P e lec = 7900 kg/m 3 x 0.01 m/s (2 mx 0.008 m)578J/kg ■ K (1250 - 300) K 

+ (2x2mx25m + 2x2mx 2.4m + 2.4mx25m)[10W/m 2 ■ K (350-300)K 
+0.8x5.67 x 10 -8 W/m 2 • K 4 |350 4 - 300 4 j K 4 ] +1.4W/m • K (2.4mx 25m) (350 - 300) K/0.5m 


Continued. 


































PROBLEM 1.40 (Cont.) 


p elec =694,000W + 169.6m 2 (500 + 313)W/m 2 +8400W 

= (694,000 + 84,800 + 53,100 + 8400) W = 840kW 

COMMENTS: Of the total energy input, 83% is transferred to the steel while approximately 10%, 
6% and 1 % are lost by convection, radiation and conduction from the oven. The convection and 
radiation losses can both be reduced by adding insulation to the side and top surfaces, which would 
reduce the corresponding value of T s . 



PROBLEM 1.41 


KNOWN: Hot plate-type wafer thermal processing tool based upon heat transfer modes by 
conduction through gas within the gap and by radiation exchange across gap. 

FIND: (a) Radiative and conduction heat fluxes across gap for specified hot plate and wafer 
temperatures and gap separation; initial time rate of change in wafer temperature for each mode, and 
(b) heat fluxes and initial temperature-time change for gap separations of 0.2, 0.5 and 1.0 mm for hot 
plate temperatures 300 < Th < 1300°C. Comment on the relative importance of the modes and the 
influence of the gap distance. Under what conditions could a wafer be heated to 900°C in less than 10 
seconds? 

SCHEMATIC: 


d = 0.78 mm 


D » L 


1 
y 


1 


i/ 


Hot plate 
Th = 600°C 




T w j = 20 C 


0 rad i 0 cond 


/ 


Stagnant gas, k 
Wafer 


r~ 

Wafer, E st 

1 


ASSUMPTIONS: (1) Steady-state conditions for flux calculations, (2) Diameter of hot plate and 
wafer much larger than gap spacing, approximating plane, infinite planes, (3) One-dimensional 
conduction through gas, (4) Hot plate and wafer are blackbodies, (5) Negligible heat losses from wafer 
backside, and (6) Wafer temperature is uniform at the onset of heating. 

PROPERTIES: Wafer: p = 2700 kg/m 3 , c - 875 J/kg-K; Gas in gap: k = 0.0436 W/m-K. 

ANALYSIS: (a) The radiative heat flux between the hot plate and wafer for Th = 600°C and T w = 

20° C follows from the rate equation, 

Orad = cr (t^ - TJ ) = 5.67 x 10“ 8 W / m 2 • K 4 ((600 + 273) 4 - (20 + 273) 4 ) K 4 = 32.5 kW / m 2 < 

The conduction heat flux through the gas in the gap with L = 0.2 mm follows from Fourier’s law, 

T h -T w (600-20) K 9 

Ocond = k —-— = 0.0436 W/m-K --= 126kW/m 2 < 

L 0.0002 m 


The initial time rate of change of the wafer can be determined from an energy balance on the wafer at 
the instant of time the heating process begins, 

^in - E ou t = E st E st = pcd 

where Ep Ut =0 and E[ n = q” ad or q^ond- Substituting numerical values, find 



dT, 


w 


dt 


9 rad 


32.5xl0 3 W/m 2 


A 


,rad P cd 2700kg/m 3 x875 J/kg■ Kx0.00078 m 


17.6 K/s 


dT, 


w 


dt 


A,cond 


^d =68.4 K/s 

pcd 


< 

< 


Continued 


























PROBLEM 1.41 (Cont.) 


(b) Using the foregoing equations, the heat fluxes and initial rate of temperature change for each mode 
can be calculated for selected gap separations L and range of hot plate temperatures T^ with T w = 
20°C. 




—■— q"cond, L = 0.2 mm 


In the left-hand graph, the conduction heat flux increases linearly with and inversely with L as 
expected. The radiative heat flux is independent of L and highly non-linear with T^, but does not 
approach that for the highest conduction heat rate until approaches 1200°C. 

The general trends for the initial temperature-time change, (dT w /dt);, follow those for the heat fluxes. 
To reach 900°C in 10 s requires an average temperature-time change rate of 90 K/s. Recognizing that 
(dT w /dt) will decrease with increasing T w , this rate could be met only with a very high Th and the 
smallest L. 




PROBLEM 1.42 

KNOWN: Silicon wafer, radiantly heated by lamps, experiencing an annealing process with known 
backside temperature. 

FIND: Whether temperature difference across the wafer thickness is less than 2°C in order to avoid 
damaging the wafer. 

SCHEMATIC: 



Upper surface, T w u 
s = a t = 0.65 

Wafer 

k = 30 W/m-K 
T w ,l = 997°C 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wafer, (3) 
Radiation exchange between upper surface of wafer and surroundings is between a small object and a 
large enclosure, and (4) Vacuum condition in chamber, no convection. 

PROPERTIES: Wafer: k = 30 W/m-K, e = a k = 0.65. 

ANALYSIS: Perform a surface energy balance on the upper surface of the wafer to determine 
T w u . The processes include the absorbed radiant flux from the lamps, radiation exchange with the 
chamber walls, and conduction through the wafer. 

^in - E ou t = 0 

O^fOs ~ 9rad — 9cd = 0 

* _./t-4 t, 4 \ i Tw,u - T W ,<? A 

a f0s £<7 (T wu T sur j k — -0 

0.65x3.0xl0 5 W/m 2 -0.65x5.67xl0~ 8 W/m 2 -K 4 (T^ u -(27 + 273) 4 )k 4 
-30W / m • K [t w u -(997+ 273)] K/0.00078 m = 0 

T w , u = 1273K = 1000°C < 

COMMENTS: (1) The temperature difference for this steady-state operating condition, 

T w u - T w j, is larger than 2°C. Warping of the wafer and inducing slip planes in the crystal structure 
could occur. 

(2) The radiation exchange rate equation requires that temperature must be expressed in kelvin units. 
Why is it permissible to use kelvin or Celsius temperature units in the conduction rate equation? 

(3) Note how the surface energy balance, Eq. 1.12, is represented schematically. It is essential to 
show the control surfaces, and then identify the rate processes associated with the surfaces. Make 
sure the directions (in or out) of the process are consistent with the energy balance equation. 













PROBLEM 1.43 

KNOWN: Silicon wafer positioned in furnace with top and bottom surfaces exposed to hot and cool 
zones, respectively. 

FIND: (a) Initial rate of change of the wafer temperature corresponding to the wafer temperature 
T w j = 300 K, and (b) Steady-state temperature reached if the wafer remains in this position. How 

significant is convection for this situation? Sketch how you’d expect the wafer temperature to vary as 
a function of vertical distance. 


SCHEMATIC: 





1 sur,h 


=1500 K 


Wafer 
T w j — 300 K, or T w ss 
p = 2700 kg/m 3 
c = 875 J/kg-K 
e = 0.65 , v 

T S ur, c = 330 K "" 188a 


ASSUMPTIONS: (1) Wafer temperature is uniform, (2) Transient conditions when wafer is initially 
positioned, (3) Hot and cool zones have uniform temperatures, (3) Radiation exchange is between 
small surface (wafer) and large enclosure (chamber, hot or cold zone), and (4) Negligible heat losses 
from wafer to mounting pin holder. 

ANALYSIS: The energy balance on the wafer illustrated in the schematic above includes convection 
from the upper (u) and lower (1) surfaces with the ambient gas, radiation exchange with the hot- and 
cool-zone (chamber) surroundings, and the rate of energy storage term for the transient condition. 

^in — ^out = ^st 

// n // » , d 

%ad,h +c lrad,c — 0cv,u — 0cv,l — pea —— 

OT ( T s 4 u,,h - T W) + ( T s 4 ur,c -4) - h„ (T w - )- h, (T w - ) = ped ^ 

(a) For the initial condition, the time rate of temperature change of the wafer is determined using the 
energy balance above with T w = T W J = 300 K, 

0.65 x 5.67 xl0“ 8 W/m 2 • K 4 (l500 4 -300 4 )k 4 +0.65x5.67 xl0“ 8 W/m 2 • K 4 ^330 4 -300 4 )k 4 


-8W/m 2 K(300-700)K-4W/m 2 K(300-700)K = 
2700 kg / m 3 x 875 J / kg ■ K xO.00078 m (d T w / dt). 


(dT w /dt). =104 K/s < 

(b) For the steady-state condition, the energy storage term is zero, and the energy balance can be 
solved for the steady-state wafer temperature, T w = T w ss . 


Continued 


















PROBLEM 1.43 (Cont.) 


0.65 a (l500 4 - T 4 ss ) K 4 + 0.65 a (330 4 - T 4 >ss ) K 4 

-8W/m 2 K(T W SS -700)K-4W/m 2 k(t w ss -700)k = 0 

T w , ss = 1251 K < 

To determine the relative importance of the convection processes, re-solve the energy balance above 
ignoring those processes to find (dT w /dt). = 101 K/s and T w ss = 1262 K. We conclude that the 

radiation exchange processes control the initial time rate of temperature change and the steady-state 
temperature. 

If the wafer were elevated above the present operating position, its temperature would increase, since 
the lower surface would begin to experience radiant exchange with progressively more of the hot zone 
chamber. Conversely, by lowering the wafer, the upper surface would experience less radiant 
exchange with the hot zone chamber, and its temperature would decrease. The temperature-distance 
trend might appear as shown in the sketch. 


Top 


c 

o 

'-t—> 

03 

> 

0 

LU 



Bottom 








PROBLEM 1.44 


KNOWN: Radial distribution of heat dissipation in a cylindrical container of radioactive 
wastes. Surface convection conditions. 


FIND: Total energy generation rate and surface temperature. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible temperature drop across thin 
container wall. 

ANALYSIS: The rate of energy generation is 

\ 2 " 


Eg =JqdV=q 0 |^°| l-(r/r 0 ) 

) 


0 ^ 

2 / 2 - r 2 / 4 


2/rrLdr 


Eg - 27rLq 0 |r 2 
or per unit length, 

p' _ ^q 0 r o * 

8 2~' 

Performing an energy balance for a control surface about the container yields, at an instant, 

F' _f' =n 
^out u 

and substituting for the convection heat rate per unit length, 

^32 1 i = h(2lr 0 )(T s -T 0o ) 


T = T + 


q 0 r o 

4h 


COMMENTS: The temperature within the radioactive wastes increases with decreasing r 
from T s at r 0 to a maximum value at the centerline. 



PROBLEM 1.45 


KNOWN: Rod of prescribed diameter experiencing electrical dissipation from passage of electrical 
current and convection under different air velocity conditions. See Example 1.3. 

FIND: Rod temperature as a function of the electrical current for 0 < I < 10 A with convection 

2 

coefficients of 50, 100 and 250 W/m K. Will variations in the surface emissivity have a significant 
effect on the rod temperature? 

SCHEMATIC: 


To, = 300 K 
h = 100 W/m 2 -K 


T S ur = 300 K 



-> 

-> 


Oconv 


^ Orad ^ 


T, D = 1 mm 
c = 0.8, R e = 0.4 Q/m 


I = 5.2 A 


S 




-gen 


ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform rod temperature, (3) Radiation exchange 
between the outer surface of the rod and the surroundings is between a small surface and large 
enclosure. 


ANALYSIS: The energy balance on the rod for steady-state conditions has the form, 

/ / _ Tj/ 

Oconv + 0 rad — ^gcn 


7rDh (T - T^) + kDeo (t 4 - T 4 ur ) = I 2 r; 

Using this equation in the Workspace of IHT, the rod temperature is calculated and plotted as a 
function of current for selected convection coefficients. 



Current, I (am peres) 

- h = 50 W/m A 2.K 

—•— h = 100 W/m A 2.K 
—A— h = 250 W/m A 2.K 


COMMENTS: (1) For forced convection over the cylinder, the convection heat transfer coefficient is 

dependent upon air velocity approximately as h ~ V ' . Hence, to achieve a 5-fold change in the 

2 

convection coefficient (from 50 to 250 W/m K), the air velocity must be changed by a factor of 
nearly 15. 


Continued 
































PROBLEM 1.45 (Cont.) 

9 

(2) For the condition of I = 4 A with h = 50 W/m -K with T = 63.5°C, the convection and radiation 
exchange rates per unit length are, respectively, q^, v = 5.7 W/m and q' ad = 0.67 W/m. We conclude 
that convection is the dominate heat transfer mode and that changes in surface emissivity could have 

9 

only a minor effect. Will this also be the case if h = 100 or 250 W/m K? 

(3) What would happen to the rod temperature if there was a “loss of coolant” condition where the air 
flow would cease? 

(4) The Workspace for the IHT program to calculate the heat losses and perform the parametric 
analysis to generate the graph is shown below. It is good practice to provide commentary with the 
code making your solution logic clear, and to summarize the results. It is also good practice to show 
plots in customary units, that is, the units used to prescribe the problem. As such the graph of the rod 
temperature is shown above with Celsius units, even though the calculations require temperatures in 
kelvins. 


// Energy balance; from Ex. 1.3, Comment 1 

-q'cv - q'rad + Edot'g = 0 
q'cv = pi*D*h*(T - Tint) 
q’rad = pi*D*eps*sigma*(T A 4 - Tsur A 4) 
sigma = 5.67e-8 

// The generation term has the form 
Edot'g = l A 2*R’e 
qdot = l A 2*R'e / (pi*D A 2/4) 

// Input parameters 

D = 0.001 
Tsur = 300 
T_C = T - 273 
eps = 0.8 
Tint = 300 
h = 100 
//h = 50 
//h = 250 
I = 5.2 
//I = 4 
R'e = 0.4 

/* Base case results: I = 5.2 A with h = 100 W/m A 2.K, find T = 60 C (Comment 2 case). 


Edot'g 

T 

T_C 

q'cv 

q'rad 

qdot 

D 

1 

R'e 


Tint 

Tsur 

eps 

h 

sigma 




10.82 

332.6 

59.55 

10.23 

0.5886 

1.377E7 

0.001 

5.2 

0.4 


300 

300 

0.8 

100 

5.67E-8 7 




/* Results: 1 

= 4 A with h = 50 W/m A 2.K, find q’cv = 

5.7 W/m and q'rad = 0.67 W/m 


Edot'g 

T 

T_C 

q'cv 

q'rad 

qdot D 

1 

R'e 


Tint 

Tsur 

eps 

h 

sigma 





6.4 

336.5 

63.47 

5.728 

0.6721 

8.149E6 0.001 

4 

0.4 


300 

300 

0.8 

50 

5.67E-8 

7 





// Representing temperature in Celsius units using _C subscript 

// Values of coefficient for parameter study 

// For graph, sweep over range from 0 to 10 A 
// For evaluation of heat rates with h = 50 W/m A 2.K 



PROBLEM 1.46 


KNOWN: Long bus bar of prescribed diameter and ambient air and surroundings temperatures. 
Relations for the electrical resistivity and free convection coefficient as a function of temperature. 

FIND: (a) Current carrying capacity of the bus bar if its surface temperature is not to exceed 65°C; 
compare relative importance of convection and radiation exchange heat rates, and (b) Show 
graphically the operating temperature of the bus bar as a function of current for the range 100 < I < 
5000 A for bus-bar diameters of 10, 20 and 40 mm. Plot the ratio of the heat transfer by convection to 
the total heat transfer for these conditions. 


SCHEMATIC: 




T = 65°C 
e = 0.85 
D = 20mm 


C = 1.21 W-nrr 1 75 K _1 25 


E’ 


gen 


Pe(T) 


ASSUMPTIONS: (1) Steady-state conditions, (2) Bus bar and conduit are very long in direction 
normal to page, (3) Uniform bus-bar temperature, (4) Radiation exchange between the outer surface of 
the bus bar and the conduit is between a small surface and a large enclosure. 


PROPERTIES: Bus-bar material, p e = p e 0 [l-l- a (T-T 0 )], p e 0 = 0.0171^-m, T 0 = 25°C, 
a = 0.00396 K -1 . 


ANALYSIS: An energy balance on the bus-bar for a unit length as shown in the schematic above has 
the form 

^in ~ ^out + Egen = 0 
—1 9rad — Oconv ^e = 0 

-£7tDo (t 4 - T s 4 r j - h;rD (T - T^) + I 2 p e / A c =0 


'm 


< 

< 


where Rg = p e / A c and A c = 7tD~/ 4. Using the relations for p e (T) and h(T, D), and substituting 
numerical values with T = 65°C, find 

4rad = 0-85 n (0.020m)x 5.67 x 10“ 8 W / m 2 • K 4 ([65 + 273] 4 - [30 + 273] 4 ) K 4 = 223 W /1 

Oconv = 7.83W / m 2 ■ K it (0.020m)(65-30) K = 17.2W/m 
where h = 1.21 W ■ m -1 ' 75 ■ K -1 ' 25 (0.020m) -0 ' 25 (65 -30) 0 ' 25 = 7.83W/m 2 ■ K 
I 2 R;=I 2 (l98.2xl0 -6 CUm)/7r(0.020) 2 m 2 /4 = 6.31xl0 -5 I 2 W/m 

where p e = 0.0171xl0 -6 £2 ■ m 1 + 0.00396 K -1 (65-25) K = 198.2pQ-m 

The maximum allowable current capacity and the ratio of the convection to total heat transfer rate are 


I = 1950A qcv / (qcv+qrad) = qcv / qtot =0.072 < 

For this operating condition, convection heat transfer is only 7.2% of the total heat transfer. 

(b) Using these equations in the Workspace of IHT, the bus-bar operating temperature is calculated 
and plotted as a function of the current for the range 100 < 1 < 5000 A for diameters of 10, 20 and 40 
mm. Also shown below is the corresponding graph of the ratio (expressed in percentage units) of the 
heat transfer by convection to the total heat transfer, q[. v / q^. 


Continued 















PROBLEM 1.46 (Cont.) 



-D = 10 mm 

—•— D = 20 m m 
—A— D = 40 m m 



- D = 10 mm 

• D = 20 mm 
—A— D = 40 mm 


COMMENTS: (1) The trade-off between current-carrying capacity, operating temperature and bar 
diameter is shown in the first graph. If the surface temperature is not to exceed 65 °C, the maximum 
current capacities for the 10, 20 and 40-mm diameter bus bars are 960, 1950, and 4000 A, 
respectively. 


(2) From the second graph with cp. v / q' tot vs. T, note that the convection heat transfer rate is always a 

small fraction of the total heat transfer. That is, radiation is the dominant mode of heat transfer. Note 
also that the convection contribution increases with increasing diameter. 

(3) The Workspace for the IHT program to perform the parametric analysis and generate the graphs is 
shown below. It is good practice to provide commentary with the code making your solution logic 
clear, and to summarize the results. 

/* Results: base-case conditions, Part (a) 

I R’e cvovertot hbar q’cv q'rad rhoe D Tinf_C Ts_C 

Tsur_C eps 

1950 6.309E-5 7.171 7.826 17.21 222.8 1.982E-8 0.02 30 65 

30 0.85 */ 

// Energy balance, on a per unit length basis; steady-state conditions 
// Edot'in - Edot'out + Edot'gen = 0 
-q'cv - q'rad + Edot'gen = 0 
q'cv = hbar * P * (Ts - Tinf) 

P = pi * D 

q'rad = eps * sigma * (Ts A 4 - Tsur A 4) 
sigma = 5.67e-8 
Edot'gen = l A 2 * R'e 
R'e = rhoe / Ac 

rhoe = rhoeo * (1 + alpha * (Ts - To)) 

To = 25 + 273 
Ac = pi * D A 2 / 4 


// Convection coefficient 

hbar =1.21 * (D A -0.25) * (Ts - Tinf) A 0.25 // Compact convection coeff. correlation 

// Convection vs. total heat rates 
cvovertot = q'cv / (q’cv + q'rad) * 100 

// Input parameters 

D = 0.020 

// D = 0.010 // Values of diameter for parameter study 

// D = 0.040 

//1 = 1950 // Base case condition unknown 

rhoeo = 0.01711e-6 
alpha = 0.00396 
Tinf_C =30 
Tinf = Tinf_C + 273 
Ts_C = 65 
Ts = Ts_C + 273 
Tsur_C = 30 
Tsur = Tsur_C + 273 
eps = 0.85 


// Base case condition to determine current 





PROBLEM 1.47 


KNOWN: Elapsed times corresponding to a temperature change from 15 to 14°C for a reference 
sphere and test sphere of unknown composition suddenly immersed in a stirred water-ice mixture. 
Mass and specific heat of reference sphere. 

FIND: Specific heat of the test sphere of known mass. 

SCHEMATIC: 



T(t), T(0) - T(t) = (15 -14)°C 
At r = 6.35 s, At( = 4.59 s 

Reference (r) and test (t) spheres 


M r = 0.515 kg M t = 1.263 kg 
c r = 447 J/kg-K c t = ? 


ASSUMPTIONS: (1) Spheres are of equal diameter, (2) Spheres experience temperature change 
from 15 to 14°C, (3) Spheres experience same convection heat transfer rate when the time rates of 
surface temperature are observed, (4) At any time, the temperatures of the spheres are uniform, 

(5) Negligible heat loss through the thermocouple wires. 

PROPERTIES: Reference-grade sphere material: c r = 447 J/kg K. 

ANALYSIS: Apply the conservation of energy requirement at an instant of time, Eq. l.lla, after 
a sphere has been immersed in the ice-water mixture at Too- 

Ein ~E ou t = E st 


Oconv — Me 


dT 

dt 


where q conv = hA s (T-T 00 ). Since the temperatures of the spheres are uniform, the change in 

energy storage term can be represented with the time rate of temperature change, dT/dt. The 
convection heat rates are equal at this instant of time, and hence the change in energy storage 
terms for the reference (r) and test (t) spheres must be equal. 


M r c r 


dT ^ A;r dT ^ 
— = M t c t — 

dt Jj. dt ^ 


Approximating the instantaneous differential change, dT/dt, by the difference change over a short 
period of time, AT/At, the specific heat of the test sphere can be calculated. 


0.515 kg x 447 J/kg-K 


(15 -14)K 
635s 


1.263 kg xc t x 


(15 -14)K 
4259s 


c t =132 J/kg-K < 

COMMENTS: Why was it important to perform the experiments with the reference and test 
spheres over the same temperature range (from 15 to 14°C)? Why does the analysis require that 
the spheres have uniform temperatures at all times? 






PROBLEM 1.48 


KNOWN: Inner surface heating and new environmental conditions associated with a spherical shell of 
prescribed dimensions and material. 

FIND: (a) Governing equation for variation of wall temperature with time. Initial rate of temperature 
change, (b) Steady-state wall temperature, (c) Effect of convection coefficient on canister temperature. 

SCHEMATIC: 



Stainless 

steel 

Ti = 500 K 


^ 300 K 
h = 500 W/m 2 . K 


qf = 10 5 W/m 2 


ASSUMPTIONS: (1) Negligible temperature gradients in wall, (2) Constant properties, (3) Uniform, 
time-independent heat flux at inner surface. 

PROPERTIES: Table A.l, Stainless Steel, AISI 302: p = 8055 kg/m 3 , c p = 510 J/kg-K. 


ANALYSIS: (a) Performing an energy balance on the shell at an instant of time, Ej n — E out = E st . 
Identifying relevant processes and solving for dT/dt, 



Substituting numerical values for the initial condition, find 


< W 9 W 9 

. 3 10 3 —x-(0.5mj -500——(0.6m) z (500-300) K 

dT 1 L m 2 m ■ K 



dt 1 8055^-510^— 

m 3 kg ■ K 

dT 3 

— =-0.089 K/s. 



< 


(b) Under steady-state conditions with E st = 0, it follows that 


qi( 4 ^ 2 ) = h ( 4 ^ r o)( T - T oo) 


Continued 




















PROBLEM 1.48 (Cont.) 


" f 

T + * 

L oo r 

h 


300K + 


10 5 W/m 2 * * S 


500W/m z ■ K 


0.5m 


A2 


v 0.6m j 


■ 439K 


< 


(c) Parametric calculations were performed using the IHT First Law Model for an Isothermal Hollow 
Sphere. As shown below, there is a sharp increase in temperature with decreasing values of h < 1000 
W/m 2 K. For T > 380 K, boiling will occur at the canister surface, and for T > 410 K a condition known 
as film boiling (Chapter 10) will occur. The condition corresponds to a precipitous reduction in h and 
increase in T. 



2 

Although the canister remains well below the melting point of stainless steel for h = 100 W/nr-K, boiling 
should be avoided, in which case the convection coefficient should be maintained at h > 1000 W/nr-K. 

COMMENTS: The governing equation of part (a) is a first order, nonhomogenous differential equation 

with constant coefficients. Its solution is 9 = (S/R) |l — e ^ j + 0je ^, where 6 = T — , 

S = 3qf r 2 / pep |r ( 2 - ly* j. R = 3hr 2 / pc p - r 2 j. Note results for t —> °° and for S = 0. 




PROBLEM 1.49 


KNOWN: Boiling point and latent heat of liquid oxygen. Diameter and emissivity of container. 
Free convection coefficient and temperature of surrounding air and walls. 

FIND: Mass evaporation rate. 


SCHEMATIC: 


Qevap . fVapor 

yconv\Zy\ 

Liquid oxyqen, 'f_\ , 

T = 90 K, h fg = 214 kJ/kg 

/ r '^~ D = 500 mm 
To= -10 °C, e = 0.2 7 


Too = 25 °C 
h= 10 W/m 2 -K 


T sur 25 ° c 


ASSUMPTIONS: (1) Steady-state conditions, (2) Temperature of container outer surface equals 
boiling point of oxygen. 

ANALYSIS: (a) Applying an energy balance to a control surface about the container, it follows that, 
at any instant, 


^in E OU ( -0 


or 


^conv + %ad ^evap — 0 • 


The evaporative heat loss is equal to the product of the mass rate of vapor production and the heat of 
vaporization. Hence, 


h T s ) + £<J (T sur T s j 


A s ^evaphfg — 0 


( 1 ) 


m 


h (Too T s ) + ecr (T sur T s j 


kD a 


evap 


hf 2 


m 


10w/m 2 K(298-263)K + 0.2x5.67xl0 8 w/m 2 K 4 ^298 4 -263 4 )k 4 w(0.5m) 


evap 


m, 


evap 


214 kJ/kg 

(350 + 35.2)W/m 2 |o.785 m 2 ) 
214kJ/kg 1 


41xl0~ 3 kg/s 


(b) Using the energy balance, Eq. (1), the mass rate of vapor production can be determined for the 
range of emissivity 0.2 to 0.94. The effect of increasing emissivity is to increase the heat rate into the 
container and, hence, increase the vapor production rate. 



Surface emissivity, eps 

COMMENTS: To reduce the loss of oxygen due to vapor production, insulation should be applied 
to the outer surface of the container, in order to reduce q conv and q rad . Note from the calculations in 
part (a), that heat transfer by convection is greater than by radiation exchange. 

































PROBLEM 1.50 


KNOWN: Frost formation of 2-mm thickness on a freezer compartment. Surface exposed to 
convection process with ambient air. 

FIND: Time required for the frost to melt, t m . 

SCHEMATIC: 




°C 


ASSUMPTIONS: (1) Frost is isothermal at the fusion temperature, Tf, (2) The water melt falls away 
from the exposed surface, (3) Negligible radiation exchange at the exposed surface, and (4) Backside 
surface of frost formation is adiabatic. 

PROPERTIES: Frost, p f =770kg/m 3 , h sf =334kJ/kg. 


ANALYSIS: The time t m required to melt a 2-mm thick frost layer may be determined by applying 
an energy balance, Eq 1.1 lb, over the differential time interval dt and to a differential control volume 
extending inward from the surface of the layer dx. From the schematic above, the energy in is the 
convection heat flux over the time period dt and the change in energy storage is the latent energy 
change within the control volume, A s dx. 

Ein - E out = E st 

QconvAsdt = dUto 

h A s - Tf )dt = -pf A s h sf dx 

Integrating both sides of the equation and defining appropriate limits, find 
h - T f ) J^ m dt = -p f h sf dx 

t _ Pf ^sf x o 

m h(Too-Tf) 


700 kg / m 3 x 334 x 10 3 J/kg x 0.002m 
2 W /m 2 ■ K(20-0)K 


= 11,690 s = 3.2 hour 


< 


COMMENTS: (1) The energy balance could be formulated intuitively by recognizing that the total 
heat in by convection during the time interval t m (q” v • t m ) must be equal to the total latent energy for 

melting the frost layer (p x 0 h sf ). This equality is directly comparable to the derived expression 
above for t m . 

(2) Explain why the energy storage term in the analysis has a negative sign, and the limits of 
integration are as shown. Hint. Recall from the formulation of Eq. 1.1 lb, that the storage term 
represents the change between the final and initial states. 
















PROBLEM 1.51 


KNOWN: Vertical slab of Woods metal initially at its fusion temperature, Tf, joined to a substrate. 
Exposed surface is irradiated with laser source, Gp |w / m 2 j. 

„ 2 

FIND: Instantaneous rate of melting per unit area, m m (kg/s-m ), and the material removed in a 
period of 2 s, (a) Neglecting heat transfer from the irradiated surface by convection and radiation 
exchange, and (b) Allowing for convection and radiation exchange. 

SCHEMATIC: 



Laser irradation 
a, G| G| = 5 kW/m 2 


4 cv 
4 rad 



Tqo= 20°C 
h = 15 W/m 2 -K 



ASSUMPTIONS: (1) Woods metal slab is isothermal at the fusion temperature, Tf, and (2) The melt 
runs off the irradiated surface. 

ANALYSIS: (a) The instantaneous rate of melting per unit area may be determined by applying an 
energy balance, Eq 1.1 la, on the metal slab at an instant of time neglecting convection and radiation 
exchange from the irradiated surface. 

Bin-Nut =E't «fGf =^(-M'h s f) = -h sf ^ 

where dVT/dt = m" n is the time rate of change of mass in the control volume. Substituting values, 

0.4x5000W/m 2 =-33,000J/kgxriim = -60.6xl(T 3 kg/sm 2 < 

The material removed in a 2s period per unit area is 

m 2s = mm -At = 121 g/m 2 < 

(b) The energy balance considering convection and radiation exchange with the surroundings yields 
~ Qcv — %ad = ~h s f 

q" v =h(T f -T 00 ) = 15W/m 2 ■ K (72-20) K = 780W/m 2 
q' ad = ecr ( T f 4 - T 4 ) = 0.4x5.67 x 10“ 8 W / m 2 • K ([72 + 273] 4 - [20 + 273] 4 ) K 4 = 154 W / m 2 

m" m =-32.3xl0 _3 kg/s-m 2 M 2s =64g/m 2 < 

COMMENTS: (1) The effects of heat transfer by convection and radiation reduce the estimate for 
the material removal rate by a factor of two. The heat transfer by convection is nearly 5 times larger 
than by radiation exchange. 

(2) Suppose the work piece were horizontal, rather than vertical, and the melt puddled on the surface 
rather than ran off. How would this affect the analysis? 

(3) Lasers are common heating sources for metals processing, including the present application of 
melting (heat transfer with phase change), as well as for heating work pieces during milling and 
turning (laser-assisted machining). 









PROBLEM 1.52 

KNOWN: Hot formed paper egg carton of prescribed mass, surface area and water content 
exposed to infrared heater providing known radiant flux. 

FIND: Whether water content can be reduced from 75% to 65% by weight during the 18s 
period carton is on conveyor. 


SCHEMATIC: 



ASSUMPTIONS: (1) All the radiant flux from the heater bank is absorbed by the carton, (2) 
Negligible heat loss from carton by convection and radiation, (3) Negligible mass loss occurs 
from bottom side. 


PROPERTIES: Water (given): hfg = 2400 kJ/kg. 

ANALYSIS: Define a control surface about the carton, and write the conservation of energy 
requirement for an interval of time, At, 


E■ - E r 


AE st = 0 


where Ej n is due to the absorbed radiant flux, q , from the 



heater and E out is the energy leaving due to evaporation of 
water from the carton. Hence. 


q^ ■ A s • At = AM ■ h 


For the prescribed radiant flux q j', 


AM = ^ = 5000 W/ m 2 x 0.0625 m 2 x!8s _ ^ 


*fg 


2400 kJ/kg 


The chief engineer’s requirement was to remove 10% of the water content, or 
AM req = M x 0.10 = 0.220 kg x 0.10 = 0.022 kg 

which is nearly an order of magnitude larger than the evaporative loss. Considering heat 
losses by convection and radiation, the actual water removal from the carton will be less than 
AM. Hence, the purchase should not be recommended, since the desired water removal 


cannot be achieved. 


< 





PROBLEM 1.53 


KNOWN: Average heat sink temperature when total dissipation is 20 W with prescribed air and 
surroundings temperature, sink surface area and emissivity. 


FIND: Sink temperature when dissipation is 30 W. 

SCHEMATIC: 



Power devices.- ^. 
P e --Z0 or3 0W__y 


%ad 


T sur --Z7°C 


-Sink, T S =4Z°C with P e --Z0% 
A s -0.045m z ) & = 0.8 



i 

i J-conv 
i 
i 


T m -Z7°C 


ASSUMPTIONS: (1) Steady-state conditions, (2) All dissipated power in devices is transferred 
to the sink, (3) Sink is isothermal, (4) Surroundings and air temperature remain the same for both 
power levels, (5) Convection coefficient is the same for both power levels, (6) Heat sink is a small 
surface within a large enclosure, the surroundings. 

ANALYSIS: Define a control volume around the heat sink. Power dissipated within the devices 
is transferred into the sink, while the sink loses heat to the ambient air and surroundings by 
convection and radiation exchange, respectively. 

^in ~E ou t =0 

P e - hA s (T s - Too) - A s ecr |t^ - T^ r j = 0. 


Consider the situation when P e = 20 W for which T s = 42°C; find the value of h. 


h= 

h= 


Pe / A s -ea (t s 4 -T s 4 r )]/(T s -T„) 

20 W/0.045 m 2 -0.8x5.67xl(T 8 \V7rn 2 K 4 (j 15 4 - 30O 4 ) K 4 /(315-300)K 


h = 24.4 W / m“ • K. 


For the situation when P e = 30 W, using this value for h with Eq. (1), obtain 
30 W - 24.4 W/m 2 ■ Kx0.045 m 2 (T s -300)K 

-0.045 m 2 x0.8x5.67xl0 -8 W/m 2 K 4 ( 

30 = 1.098 (T s - 300) + 2.041x 10~ 9 (t s 4 - 300 4 ). 

By trial-and-error, find 

T s ~ 322 K = 49°C. < 

COMMENTS: (1) It is good practice to express all temperatures in kelvin units when using energy 
balances involving radiation exchange. 

(2) Note that we have assumed A s is the same for the convection and radiation processes. Since not all 
portions of the fins are completely exposed to the surroundings, A s ra( j is less than A s conv = A s . 

(3) Is the assumption that the heat sink is isothermal reasonable? 


T 4 - 300 4 j K 4 = 0 





PROBLEM 1.54 


KNOWN: Number and power dissipation of PCBs in a computer console. Convection coefficient 
associated with heat transfer from individual components in a board. Inlet temperature of cooling air 
and fan power requirement. Maximum allowable temperature rise of air. Heat flux from component 
most susceptible to thermal failure. 

FIND: (a) Minimum allowable volumetric flow rate of air, (b) Preferred location and corresponding 
surface temperature of most thermally sensitive component. 


SCHEMATIC: 



15°C 

h = 200 W/m 2 -K 
P b = 20 W 
P f = 25 W 
q” = 1 W/cm 2 

p = 1.161 kg/ m 3 
c p = 1007 J/kg 


ASSUMPTIONS: (1) Steady-state, (2) Constant air properties, (3) Negligible potential and kinetic 
energy changes of air flow, (4) Negligible heat transfer from console to ambient air, (5) Uniform 
convection coefficient for all components. 


ANALYSIS: (a) For a control surface about the air space in the console, conservation of energy for 
an open system, Eq. (1.1 le), reduces to 

m(u +pv). -m(u + P V ) Q +q-W = 0 

where u + pv = i, q = 5Pf,, and W = -Pf. Hence, with m (q - i 0 ) = mcp (Tj - T 0 ), 


mc p (T 0 -Ti) = 5 Pb+Pf 


For a maximum allowable temperature rise of 15°C, the required mass flow rate is 

5Pb+P f _ 5x20 W +25 W 


m : 


3 p( T o~ T i) 1007 J/kg-K(l5 °c) 


= 8.28x10 3 kg/s 


The corresponding volumetric flow rate is 

v =m = 8.28xl0- 3 kg/s =713xl0 -3 m 3 /s < 

P 1.161 kg/m 3 

(b) The component which is most susceptible to thermal failure should be mounted at the bottom of 
one of the PCBs, where the air is coolest. From the corresponding form of Newton’s law of cooling, 
q" = h (T s — Tj), the surface temperature is 


T s 



20° C + 


lxlO 4 W/m 2 
200 W/m 2 ■ K 


= 70° C 


< 


COMMENTS: (1) Although the mass flow rate is invariant, the volumetric flow rate increases as the 
air is heated in its passage through the console, causing a reduction in the density. However, for the 
prescribed temperature rise, the change in p, and hence the effect on V, is small. (2) If the thermally 


sensitive component were located at the top of a PCB, it would be exposed to warmer air (T 0 = 35°C) 
and the surface temperature would be T s = 85°C. 



























PROBLEM 1.55 


KNOWN: Top surface of car roof absorbs solar flux, q$ a ^ s , and experiences for case (a): convection 
with air at and for case (b): the same convection process and radiation emission from the roof. 


FIND: Temperature of the plate, T s , for the two cases. Effect of airflow on roof temperature. 


SCHEMATIC: 


<M? 


Too = 20 °C 
h= 12 W/m 2 -K 


Case(a) 


c 


a" / Q 

conv J 


>>>>> >>>>>>>>> 


°l"s,abs = 800 w/m 
T* A s 

\ f Case(b) 

w- 1 


-Insulation 


c 


9 S,abs 


conv 


3 


T* A s 

s = 0.8 


Plate 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer to auto interior, (3) 
Negligible radiation from atmosphere. 


ANALYSIS: (a) Apply an energy balance to the control surfaces shown on the schematic. For an 
instant of time, Ej n — E out = 0. Neglecting radiation emission, the relevant processes are convection 
between the plate and the air, qconv > an d the absorbed solar flux, q$ a ^ s . Considering the roof to have 
an area A s , 


QS,abs ' A s liA s (T s ) - 0 

T s = + QS,abs^h 


20° C + 


800W/m 2 
12W/m 2 ■ K 


20°C + 66.7°C = 86.7°C 


< 


(b) With radiation emission from the surface, the energy balance has the form 
QS,abs ' A s — Qconv — E ■ A s =0 

QS,absAs — hA s (T s — Too) —£A s cjT s = 0. 

Substituting numerical values, with temperature in absolute units (K), 

W W o W A 

800—-12—-(T s -293K)-0.8 x5.67x10~° — - -T 4 =0 

m 2 m 2 K nUK 4 

12T S + 4.536 xlO _8 T 4 =4316 


< 


It follows that T s = 320 K = 47°C. 


Continued. 




















PROBLEM 1.55 (Cont.) 


(c) Parametric calculations were performed using the IHT First Law Model for an Isothermal Plane Wall. 
As shown below, the roof temperature depends strongly on the velocity of the auto relative to the ambient 
air. For a convection coefficient of h = 40 W/m K, which would be typical for a velocity of 55 mph, the 
roof temperature would exceed the ambient temperature by less than 10°C. 

360 
350 

jw 340 

<D 

=5 330 

CO 
CD 

320 

CD 

" 310 

300 
290 

0 20 40 60 80 100 120 140 160 180 200 

Convection coefficient, h(W/m , '2.K) 

COMMENTS: By considering radiation emission, T s decreases, as expected. Note the manner in which 
q" nv is formulated using Newton’s law of cooling; since q" onv is shown leaving the control surface, the 
rate equation must be h (T s — ) and not h (T^ — T s ). 





PROBLEM 1.56 


KNOWN: Detector and heater attached to cold finger immersed in liquid nitrogen. Detector surface of 
e = 0.9 is exposed to large vacuum enclosure maintained at 300 K. 

FIND: (a) Temperature of detector when no power is supplied to heater, (b) Heater power (W) required 
to maintain detector at 195 K, (c) Effect of finger thermal conductivity on heater power. 


SCHEMATIC: 


I t - Qnn m —I 


T su r 300 K 


T sur~^ 


9 rad 



J- 

i[. n~M 


'-I elec 


9 cond 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction through cold finger, (3) 
Detector and heater are very thin and isothermal at T s , (4) Detector surface is small compared to 
enclosure surface. 


PROPERTIES: Cold finger (given): k=10W/m-K. 

ANALYSIS: Define a control volume about detector and heater and apply conservation of energy 
requirement on a rate basis, Eq. l.lla, 

Ein - E ou t=0 (1) 

where 

Ein = %ad + 9elec > ^out ~ 9cond (2,3) 

Combining Eqs. (2,3) with (1), and using the appropriate rate equations, 

eA s cr (T sur — T s j + q e t ec = kA s (T s — Tp )/L. (4) 


(a) Where q e | ec = 0, substituting numerical values 


0.9 x 5.67 x 10 -8 W/m 2 ■ K 4 (300 4 - T 4 ) K 4 = 1 OW/m ■ K (T s - 77) K/0.050 m 
5.103 x 10 -8 (300 4 - T 4 ) = 200 (T s - 77) 


T s = 79. IK 


< 

Continued... 























PROBLEM 1.56 (Cont.) 


(b) When T s = 195 K, Eq. (4) yields 

0.9 x \n (0.005 m) 2 / 4] x 5.67 x 10~ 8 W/m 2 ■ K 4 (300 4 -195 4 ) K 4 + q elec 

= lOW/m ■ K x \k (0.005 m) 2 /4] x (l95 - 77) K / 0.050 m 
q e iec = 0.457 W = 457 mW < 

(c) Calculations were performed using the First Law Model for a Nonisothermal Plane Wall. With net 
radiative transfer to the detector fixed by the prescribed values of T s and T sur , Eq. (4) indicates that 
q elec increases linearly with increasing k. 



Thermal conductivity, k(W/m.K) 

Heat transfer by conduction through the finger material increases with its thermal conductivity. Note 
that, for k = 0.1 W/m-K, 9elec = "2 mW, where the minus sign implies the need for a heat sink, rather 
than a heat source, to maintain the detector at 195 K. In this case q ra( j exceeds q con( j, and a heat sink 
would be needed to dispose of the difference. A conductivity of k = 0.114 W/m-K yields a precise 
balance between q ra( j and q con( j - Hence to circumvent heaving to use a heat sink, while minimizing 
the heater power requirement, k should exceed, but remain as close as possible to the value of 0.114 
W/m-K. Using a graphite fiber composite, with the fibers oriented normal to the direction of conduction, 
Table A.2 indicates a value of k ~ 0.54 W/m-K at an average finger temperature of T = 136 K. For this 
value, q e | ec =18 mW 

COMMENTS: The heater power requirement could be further reduced by decreasing £. 




PROBLEM 1.57 


KNOWN: Conditions at opposite sides of a furnace wall of prescribed thickness, thermal 
conductivity and surface emissivity. 

FIND: Effect of wall thickness and outer convection coefficient on surface temperatures. 
Recommended values of L and I 12 - 

SCHEMATIC: 

Silica brick, 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible 
radiation exchange at surface 1, (4) Surface 2 is exposed to large surroundings. 

ANALYSIS: The unknown temperatures may be obtained by simultaneously solving energy balance 
equations for the two surface. At surface 1, 

w rr 

QconvT = ^cond 

lil(T 0 o,l-T 1 ) = k(T 1 -T 2 yL (1) 

At surface 2, 

Qcond — ^conv + %ad 

k (T, - T 2 VL = h 2 (T 2 - T m , 2 ) + OT (l* - T s 4 ur ) (2) 

Using the IHT First Law Model for a Nonisothennal Plane Wall, we obtain 



Wall thickness, L(m) 

-©— Inner surface temperature, T1 (K) 
-A— Outer surface temperature, T2(K) 


Continued 




















































PROBLEM 1.57 (Cont.) 


Both q^ onc j and T 2 decrease with increasing wall thickness, and for the prescribed value of I 12 = 10 
W/m 2 K, a value of L > 0.275 m is needed to maintain T 2 < 373 K = 100 °C. Note that inner surface 
temperature Tj, and hence the temperature difference, T| — T 2 , increases with increasing L. 

Performing the calculations for the prescribed range of I 12 , we obtain 

2 - 1700 

5 - 1500 

1 1300 

CD 

g- 1100 

a> 

cd 900 

cc 

? 700 

<Z) 

500 
300 


For the prescribed value of L = 0.15 m, a value of I 12 ^ 24 W/m 2 K is needed to maintain T 2 < 373 
K. The variation has a negligible effect on T|, causing it to decrease slightly with increasing I 12 , but 
does have a strong influence on T 2 . 

COMMENTS: If one wishes to avoid use of active (forced convection) cooling on side 2, reliance 
will have to be placed on free convection, for which h 2 ~ 5 W/m 2 K. The minimum wall thickness 
would then be L = 0.40 m. 



0 10 20 30 40 50 


Convection coefficient, h2(W/m A 2.K) 

—©— Inner surface temperature, T(K) 

—*— Outer surface temperature, T(K) 




PROBLEM 1.58 


KNOWN: Furnace wall with inner surface temperature Tj = 352°C and prescribed thermal 
conductivity experiencing convection and radiation exchange on outer surface. See Example 1.5. 

FIND: (a) Outer surface temperature T 2 resulting from decreasing the wall thermal conductivity k or 
increasing the convection coefficient h by a factor of two; benefit of applying a low emissivity 
coating (e < 0.8); comment on the effectiveness of these strategies to reduce risk of burn injury when 
T 2 < 65°C; and (b) Calculate and plot T 2 as a function of h for the range 20 < h < 100 W/m“K for 
three materials with k = 0.3, 0.6, and 1.2 W/m-K; what conditions will provide for safe outer surface 
temperatures. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wall, (3) Radiation 
exchange is between small surface and large enclosure, (4) Inner surface temperature remains constant 
for all conditions. 

ANALYSIS: (a) The surface (x = L) energy balance is 

k = h ( T 2 - T - ) ■+ ( T 2 - Fur ) 

With T | = 352°C, the effects of parameters h, k and e on the outer surface temperature are calculated 
and tabulated below. 


Conditions k(W/m-K) h(w/m 2 K) £ T 2 (°C) 


Example 1.5 

1.2 

20 

0.8 

100 

Decrease k by Vi 

0.6 

20 

0.8 

69 

Increase h by 2 

1.2 

40 

0.8 

73 

Change k and h 

0.6 

40 

0.8 

51 

Decrease £ 

1.2 

20 

0.1 

115 


(b) Using the energy balance relation in the Workspace of IHT, the outer surface temperature can be 
calculated and plotted as a function of the convection coefficient for selected values of the wall 
thermal conductivity. 


Continued 










PROBLEM 1.58 (Cont.) 


o 



-k= 1.2 W/m.K 

k = 0.6 W/m .K 
k = 0.3 W/m.K 


COMMENTS: (1) From the parameter study of part (a), note that decreasing the thermal 
conductivity is more effective in reducing T 2 than is increasing the convection coefficient. Only if 
both changes are made will T 2 be in the safe range. 

(2) From part (a), note that applying a low emissivity coating is not beneficial. Did you suspect that 
before you did the analysis? Give a physical explanation for this result. 

(3) From the parameter study graph we conclude that safe wall conditions (T 2 ^ 65°C) can be 

2 

maintained for these conditions: with k = 1.2 W/m-K when h > 55 W/m K; with k = 0.6 W/m-K 
when h > 25 W/m“ K; and with k = 0.3 W/m-K when h > 20 W/m-K. 




PROBLEM 1.59 


KNOWN: Inner surface temperature, thickness and thermal conductivity of insulation 
exposed at its outer surface to air of prescribed temperature and convection coefficient. 

FIND: Outer surface temperature. 


SCHEMATIC: 


7 j=400°C 


q" 

J-Cl 


cond 


■ Insulation t A = 0.1 Vs/jwK 
Air, 

7" 00 = 35°C 
h =500 W/m z 'K 


<2‘c 


c onv 

T,_ 


L = OOZ5m 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in the 
insulation, (3) Negligible radiation exchange between outer surface and surroundings. 

ANALYSIS: From an energy balance at the outer surface at an instant of time, 

// _ // 

Cl cond — CJconv- 

Using the appropriate rate equations, 
k ( Tl ~ T 2 ) = h(T 2 -T 00 ). 


Solving for T 2 , find 


t 2 = 


L™ 



O.lW/mK 

0.025m 

500 


(400°c) + 500—^— 
V ’ nC ■ K 
W 0.1W/mK 

m 2. £ 0.025m 



T 2 = 37.9° C. < 

COMMENTS: If the temperature of the surroundings is approximately that of the air, 
radiation exchange between the outer surface and the surroundings will be negligible, since T 2 
is small. In this case convection makes the dominant contribution to heat transfer from the 
outer surface, and assumption (3) is excellent. 





PROBLEM 1.60 


KNOWN: Thickness and thermal conductivity, k, of an oven wall. Temperature and emissivity, £, of 
front surface. Temperature and convection coefficient, h, of air. Temperature of large surroundings. 

FIND: (a) Temperature of back surface, (b) Effect of variations in k, h and £. 

SCHEMATIC: 


k = 0.7 W/m-K 


7 - 1 - 
L = 0.05 m 

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Radiation exchange with large 
surroundings. 

ANALYSIS: (a) Applying an energy balance, Eq. 1.13, at an instant of time to the front surface and 
substituting the appropriate rate equations, Eqs. 1.2, 1.3a and 1.7, find 

k Tfzla = h (t 2 _ T„) + ea (t 2 4 - T s 4 ur ). 



Substituting numerical values, find 


Ti-t 2 = 


0.05 m 


0.7 W/m ■ K 


W _c 

20-100 K +0.8x5.67x10 ■ 

2 V 

m • K 


W 


2 

m • K 


(400K) 4 -(300K) 4 


= 200 K . 


Since T 2 = 400 K, it follows that T| = 600 K. < 

(b) Parametric effects may be evaluated by using the IHT First Law Model for a Nonisothermal Plane 
Wall. Changes in k strongly influence conditions for k < 20 W/m-K, but have a negligible effect for 
larger values, as T 2 approaches T| and the heat fluxes approach the corresponding limiting values 



Thermal conductivity, k(W/m.K) 



Thermal conductivity, k(W/m.K) 


—s— Conduction heat flux, q"cond(W/m A 2) 
—a— Convection heat flux, q"conv(W/m A 2) 
-a- Radiation heat flux, q"rad(W/m A 2) 
































































PROBLEM 1.60 (Cont.) 


The implication is that, for k > 20 W/m-K, heat transfer by conduction in the wall is extremely efficient 
relative to heat transfer by convection and radiation, which become the limiting heat transfer processes. 
Larger fluxes could be obtained by increasing £ and h and/or by decreasing and T sur . 

With increasing h, the front surface is cooled more effectively (T 2 decreases), and although qr a d 
decreases, the reduction is exceeded by the increase in q^ onv . With a reduction in T 2 and fixed values 
of k and L, qcond must a l so increase. 



Convection coefficient, h(W/m A 2.K) 



Convection coefficient, h(W/m A 2.K) 


-e- Conduction heat flux, q"cond(W/m A 2) 
-a- Convection heat flux, q"conv(W/m A 2) 
-a- Radiation heat flux, q"rad(W/m A 2) 


The surface temperature also decreases with increasing £, and the increase in q^ a( j exceeds the reduction 
in qconv > allowing q^ond to increase with £. 




<D 

I- 



Emissivity 



—Conduction heat flux, q"cond(W/m A 2) 
—a— Convection heat flux, q"conv(W/m A 2) 
—b— Radiation heat flux, q"rad(W/m A 2) 


COMMENTS: Conservation of energy, of course, dictates that, irrespective of the prescribed 
conditions, q CO nd = Qconv + Q rad • 




PROBLEM 1.61 


KNOWN: Temperatures at 10 mm and 20 mm from the surface and in the adjoining airflow for a 
thick steel casting. 

FIND: Surface convection coefficient, h. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction in the x-direction, (3) Constant 
properties, (4) Negligible generation. 

ANALYSIS: From a surface energy balance, it follows that 
Ocond — Oconv 

where the convection rate equation has the form 
Oconv = h (T=o — Tq ), 

and qcond can t> e evaluated from the temperatures prescribed at surfaces 1 and 2. That is, from 

Fourier’s law, 

* _, T| - T 2 

Ocond _ k 

x 2 ~ X 1 

„ W (50-40)° C 9 

Oeond =15 , = 15,000 W/m 2 . 

m K (20-10)xl0~ J m 

Since the temperature gradient in the solid must be linear for the prescribed conditions, it follows that 
T 0 = 60°C. 

Hence, the convection coefficient is 
Oeond 


h = 


X>o _ T 0 

h _ 15,000 W/m 2 _ g 7 g w/m 2. K < 

40° C 

COMMENTS: The accuracy of this procedure for measuring h depends strongly on the validity of 
the assumed conditions. 





PROBLEM 1.62 


KNOWN: Duct wall of prescribed thickness and thermal conductivity experiences prescribed heat flux 
q£, at outer surface and convection at inner surface with known heat transfer coefficient. 

FIND: (a) Heat flux at outer surface required to maintain inner surface of duct at Tj = 85°C, (b) 
Temperature of outer surface, T 0 , (c) Effect of h on T 0 and q^ . 


SCHEMATIC: 




Too = 30 °C „ 
h = 100 W/m 2 -K 


T: = 85 °C 


conv 


^_, r / q "cond * ) 


L = 10 mm 


t t t Ko 


Duct wall, k = 20 W/m-K 


-T„ 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wall, (3) Constant 
properties, (4) Backside of heater perfectly insulated, (5) Negligible radiation. 

ANALYSIS: (a) By performing an energy balance on the wall, recognize that q^ = q^ond • From an energy 
balance on the top surface, it follows that q^ond = 4conv = 4o • Hence, using the convection rate equation, 

4o =4conv =h(T i -T oo ) = 100W/m 2 K(85-30)°C = 5500W/m 2 . < 

(b) Considering the duct wall and applying Fourier’s Law, 

// , AT T g - Tj 

° AX L 

q"L o 5500 W/m 2 xO.OlOm , . 

T =T; +-kl— = 85 C +- =(85 + 2.8) C = 87.8 C. < 

k 20 W/m-K 

(c) For Tj = 85°C, the desired results may be obtained by simultaneously solving the energy balance equations 

and 


T -T- 
4o =k— 1 


k^ L ^ = h (T i -T 00 ) 


L L 

Using the IHT First Law Model for a Nonisothennal Plane Wall, the following results are obtained. 




Since qconv increases linearly with increasing h, the applied heat flux q^ must be balanced by an 
increase in q^ond ’ which, with fixed k, Tj and L, necessitates an increase in T 0 . 

COMMENTS: The temperature difference across the wall is small, amounting to a maximum value of 
(T 0 — Tj ) = 5.5°C for h = 200 W/m 2 K. If the wall were thinner (L < 10 mm) or made from a material 
with higher conductivity (k > 20 W/m-K), this difference would be reduced. 






















































PROBLEM 1.63 


KNOWN: Dimensions, average surface temperature and emissivity of heating duct. Duct air 
inlet temperature and velocity. Temperature of ambient air and surroundings. Convection 
coefficient. 

FIND: (a) Heat loss from duct, (b) Air outlet temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Constant air properties, (3) Negligible potential and 
kinetic energy changes of air flow, (4) Radiation exchange between a small surface and a large 
enclosure. 

ANALYSIS: (a) Heat transfer from the surface of the duct to the ambient air and the 
surroundings is given by Eq. (1.10) 

0 = hA s (T s -Too ) + cA s <7 |t s -T sur j 

where A s = L (2W + 2H) = 15 m (0.7 m + 0.5 m) = 16.5 nT\ Hence, 
q = 4 W/m 2 ■ Kxl6.5 m 2 (45°c) + 0.5xl6.5 m 2 x5.67xl0 -8 W/m 2 K 4 ^323 4 -278 4 )k 4 


0 = Oconv + Orad = 2970 W + 2298 W = 5268 W < 

(b) With i = u + pv, W = 0 and the third assumption, Eq. (1.1 le) yields, 
m(ii-i 0 ) = mCp(T i -T 0 ) = q 

where the sign on q has been reversed to reflect the fact that heat transfer is from the system. 
With m = pVA c =1.10 kg/m 2 x4 m/s (0.35mx0.20m) = 0.308 kg/s, the outlet temperature is 


Ti- 


:58°C — 


5268 W 


mc r 


0.308 kg/s x 1008 J/kg -K 


: 41° C 


< 


COMMENTS: The temperature drop of the air is large and unacceptable, unless the intent is 
to use the duct to heat the basement. If not, the duct should be insulated to insure maximum 
delivery of thermal energy to the intended space(s). 















PROBLEM 1.64 


KNOWN: Uninsulated pipe of prescribed diameter, emissivity, and surface temperature in a room 
with fixed wall and air temperatures. See Example 1.2. 

FIND: (a) Which option to reduce heat loss to the room is more effective: reduce by a factor of two 

2 

the convection coefficient (from 15 to 7.5 W/m K) or the emissivity (from 0.8 to 0.4) and (b) Show 

2 

graphically the heat loss as a function of the convection coefficient for the range 5 < h < 20 W/m K 
for emissivities of 0.2, 0.4 and 0.8. Comment on the relative efficacy of reducing heat losses 
associated with the convection and radiation processes. 

SCHEMATIC: 


Too = 25°C 
h = 15 W/m 2 -K 




T Rlir = 25 0 C 


~y 


-> 

-> 


-s 


^ Qrad^t^ - 


2 - 


= 200°C 
D = 70 mm 
8 = 0.8 


ASSUMPTIONS: (1) Steady-state conditions, (2) Radiation exchange between pipe and the room is 
between a small surface in a much larger enclosure, (3) The surface emissivity and absorptivity are 
equal, and (4) Restriction of the air flow does not alter the radiation exchange process between the 
pipe and the room. 

ANALYSIS: (a) The heat rate from the pipe to the room per unit length is 

q = q/L = q conv +q ra( j = h(^:D)(T s — Tqo) +e(^D)c| t s — T S ur| 

Substituting numerical values for the two options, the resulting heat rates are calculated and compared 
with those for the conditions of Example 1.2. We conclude that both options are comparably effective. 


Conditions 

h|w/irU ■ k| 

£ 

q(W/ 

Base case, Example 1.2 

15 

0.8 

998 

Reducing h by factor of 2 

7.5 

0.8 

788 

Reducing £ by factor of 2 

15 

0.4 

709 


(b) Using IHT, the heat loss can be calculated as a function of the convection coefficient for selected 
values of the surface emissivity. 



-eps = 0.8, bare pipe 

—eps = 0.4, coated pipe 
—eps = 0.2, coated pipe 


Continued 

























PROBLEM 1.64 (Cont.) 


COMMENTS: (1) In Example 1.2, Comment 3, we read that the heat rates by convection and 
radiation exchange were comparable for the base case conditions (577 vs. 421 W/m). It follows that 
reducing the key transport parameter (h or e) by a factor of two yields comparable reductions in the 
heat loss. Coating the pipe to reduce the emissivity might to be the more practical option as it may be 
difficult to control air movement. 


(2) For this pipe size and thermal conditions (T s and Too), the minimum possible convection coefficient 

2 

is approximately 7.5 W/m K, corresponding to free convection heat transfer to quiescent ambient air. 
Larger values of h are a consequence of forced air flow conditions. 

(3) The Workspace for the IHT program to calculate the heat loss and generate the graph for the heat 
loss as a function of the convection coefficient for selected emissivities is shown below. It is good 
practice to provide commentary with the code making your solution logic clear, and to summarize the 
results. 


// Heat loss per unit pipe length; rate equation from Ex. 1.2 

q' = q'cv + q'rad 

q'cv = pi*D*h*(Ts - Tint) 

q'rad = pi*D*eps*sigma*(Ts A 4 - Tsur A 4) 

sigma = 5.67e-8 

// Input parameters 

D = 0.07 

Ts_C = 200 // Representing temperatures in Celsius units using _C subscripting 

Ts = Ts_C +273 

Tinf_C = 25 

Tint = Tinf_C + 273 

h = 15 //For graph, sweep over range from 5 to 20 

Tsur_C = 25 

Tsur = Tsur_C + 273 

eps = 0.8 

//eps = 0.4 // Values of emissivity for parameter study 

//eps = 0.2 

/* Base case results 


Tint 

Ts 

Tsur 

q' 

q'cv 

q'rad 

D 

Tinf_C 

Ts_C 

Tsur_C 


eps 

h 

sigma 







298 

473 

298 

997.9 

577.3 

420.6 

0.07 

25 

200 

25 


0.8 

15 

5.67E-8 

7 








PROBLEM 1.65 


KNOWN: Conditions associated with surface cooling of plate glass which is initially at 600°C. 
Maximum allowable temperature gradient in the glass. 

FIND: Lowest allowable air temperature, Too 

SCHEMATIC: 



ASSUMPTIONS: (1) Surface of glass exchanges radiation with large surroundings at T sur = Too, (2) 
One-dimensional conduction in the x-direction. 

ANALYSIS: The maximum temperature gradient will exist at the surface of the glass and at the 
instant that cooling is initiated. From the surface energy balance, Eq. 1.12, and the rate equations, 
Eqs. 1.1, 1.3a and 1.7, it follows that 

- k ^ - h (T s - T„) - E<T (t s 4 - T s 4 ur ) = 0 


or, with (dT/dx) max = -15°C/mm = -15,000°C/m and T sur = T„ 


-1.4 


W 


m-K 


°C 

-15,000— 
m 


W 


m 2 K 


(873-T 00 )K 


+0.8x5.67x10' 


-8 W 


m 2 K 4 


873 4 -T' 


K 4 . 


Too may be obtained from a trial-and-error solution, from which it follows that, for Too = 618K, 

w w w 

21,000— -1275 — + 19,730—. 
irT m“ irr 

Hence the lowest allowable air temperature is 

T^ = 618K = 345°C. 

COMMENTS: (1) Initially, cooling is determined primarily by radiation effects. 


(2) For fixed Too, the surface temperature gradient would decrease with increasing time into the 

cooling process. Accordingly, Too could be decreasing with increasing time and still keep within the 
maximum allowable temperature gradient. 






PROBLEM 1.66 


KNOWN: Hot-wall oven, in lieu of infrared lamps, with temperature T sur = 200°C for heating a 
coated plate to the cure temperature. See Example 1.6. 

FIND: (a) The plate temperature T s for prescribed convection conditions and coating emissivity, and 
(b) Calculate and plot T s as a function of T sur for the range 150 < T sur < 250°C for ambient air 
temperatures of 20, 40 and 60°C; identify conditions for which acceptable curing temperatures 
between 100 and 110°C may be maintained. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss from back surface of plate, (3) 
Plate is small object in large isothermal surroundings (hot oven walls). 

ANALYSIS: (a) The temperature of the plate can be determined from an energy balance on the plate, 
considering radiation exchange with the hot oven walls and convection with the ambient air. 

Ein — E out = 0 or Orad — Oconv = 0 

£ ° (kur -rf)-h(T s -T„) = 0 

0.5x 5.67x 10“ 8 W / m 2 • K 4 ([200 + 273] 4 - T 4 ) K 4 -15 W / m 2 • K (T s - [20 + 273]) K = 0 

T s = 357 K = 84°C < 

(b) Using the energy balance relation in the Workspace of IHT, the plate temperature can be calculated 
and plotted as a function of oven wall temperature for selected ambient air temperatures. 



Tint = 60 C 
-A- Tint = 40 C 
- Tinf = 20 C 


COMMENTS: From the graph, acceptable cure temperatures between 100 and 110°C can be 
maintained for these conditions: with T M = 20°C when 225 < T sur < 240°C; with T«, = 40°C when 205 
< T sur < 220°C; and with T*. = 60°C when 175 < T sur < 195°C. 








































PROBLEM 1.67 

KNOWN: Operating conditions for an electrical-substitution radiometer having the same receiver 
temperature, T s , in electrical and optical modes. 

FIND: Optical power of a laser beam and corresponding receiver temperature when the indicated 
electrical power is 20.64 mW. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Conduction losses from backside of receiver 
negligible in optical mode, (3) Chamber walls form large isothermal surroundings; negligible effects 
due to aperture, (4) Radiation exchange between the receiver surface and the chamber walls is between 
small surface and large enclosure, (5) Negligible convection effects. 

PROPERTI E S: Receiver surface: £ = 0.95, a op t = 0.98. 

ANALYSIS: The schematic represents the operating conditions for the electrical mode with the 
optical beam blocked. The temperature of the receiver surface can be found from an energy balance 
on the receiver, considering the electrical power input, conduction loss from the backside of the 
receiver, and the radiation exchange between the receiver and the chamber. 

Pin - Pout = 0 

Pelec — 4 loss ~ 4 rad ~ 0 

Pelec — 0-05 Pelec — £ A s c |t s — T sur j = 0 

20.64xl0 _3 W (1-0.05)-0.95^0.015 2 /4jm 2 x5.67xlO -8 W/m 2 -K 4 (t s 4 -77 4 |k 4 =0 

T s = 213.9 K < 

For the optical mode of operation, the optical beam is incident on the receiver surface, there is no 
electrical power input, and the receiver temperature is the same as for the electrical mode. The optical 
power of the beam can be found from an energy balance on the receiver considering the absorbed 
beam power and radiation exchange between the receiver and the chamber. 

Pin - Pout = 0 

a opt Popt — 4rad = 0-98 P () p t —19.60mW = 0 

P opt =19.99mW < 

where q rat j follows from the previous energy balance using T s = 213.9K. 

COMMENTS: Recognizing that the receiver temperature, and hence the radiation exchange, is the 
same for both modes, an energy balance could be directly written in terms of the absorbed optical 
power and equivalent electrical power, a opt P opt = P e i ec - qioss- 












PROBLEM 1.68 


KNOWN: Surface temperature, diameter and emissivity of a hot plate. Temperature of surroundings 
and ambient air. Expression for convection coefficient. 

FIND: (a) Operating power for prescribed surface temperature, (b) Effect of surface temperature on 
power requirement and on the relative contributions of radiation and convection to heat transfer from 
the surface. 

SCHEMATIC: 



ASSUMPTIONS: (1) Plate is of uniform surface temperature, (2) Walls of room are large relative to 
plate, (3) Negligible heat loss from bottom or sides of plate. 


ANALYSIS: (a) From an energy balance on the hot plate, P e lec = qconv + qrad = Ap (q” onv + Qrad )■ 

1/3 

Substituting for the area of the plate and from Eqs. (1.3a) and (1.7), with h = 0.70 (T s - Too) , it 
follows that 


Pelec = (*D 2 /4) [o.70 (T s -T^ ) 4 '' 3 + «r (t 4 -T 4 r ) 


P elec =7r(0.3m)-/4 


0.70(175) 4/3 +0.8x5.67x10 0 1473^ -298 


^473 4 -298 4 j 


W/m 


p elec = °- 0707 


685 W/m 2 +1913 W/m 2 


= 48.4 W +135.2 W = 190.6 W 


< 


(b) As shown graphically, both the radiation and convection heat rates, and hence the requisite electric 
power, increase with increasing surface temperature. 


3 

CL) 

cd 

CO 

<D 

I 


Effect of surface tem perature on electric power and heat rates 



Surface tem perature (C) 


—©— Pelec 
—A— qrad 
—h— qconv 

However, because of its dependence on the fourth power of the surface temperature, the increase in 
radiation is more pronounced. The significant relative effect of radiation is due to the small 

2 

convection coefficients characteristic of natural convection, with 3.37 < h < 5.2 W/m K for 100 < T s 
< 300°C. 


COMMENTS: Radiation losses could be reduced by applying a low emissivity coating to the 
surface, which would have to maintain its integrity over the range of operating temperatures. 






PROBLEM 1.69 


KNOWN: Long bus bar of rectangular cross-section and ambient air and surroundings temperatures. 
Relation for the electrical resistivity as a function of temperature. 

FIND: (a) Temperature of the bar with a current of 60,000 A, and (b) Compute and plot the operating 

temperature of the bus bar as a function of the convection coefficient for the range 10 < h < 100 

2 

W/m K. Minimum convection coefficient required to maintain a safe-operating temperature below 
120°C. Will increasing the emissivity significantly affect this result? 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Bus bar is long, (3) Uniform bus-bar temperature, 
(3) Radiation exchange between the outer surface of the bus bar and its surroundings is between a 
small surface and a large enclosure. 

PROPERTIES: Bus-bar material, p e = p e 0 [l + a (T - T 0 )], p e 0 = 0.0828p£2 • m, T 0 = 25°C, 
a = 0.0040 K” 1 


ANALYSIS: (a) An energy balance on the bus-bar for a unit length as shown in the schematic above 
has the form 


^in ^out + Egen — 0 
-£P<t(t 4 - T s f r ) - h P (T 


Orad 4conv + I ^e — 0 

Too) + I^Pe / Ac = 0 


where P = 2(H + W), Rg = p e / A c and A c =HxW. Substituting numerical values, 

-0.8x2 (0.600 + 0.200) mx 5.67 x 10 -8 W / m 2 ■ K 4 (t 4 - [30 + 273] 4 ) K 4 

-10W/m 2 Kx2(0.600 + 0.200)m(T-[30 + 273])K 
+ (60,000 A) 2 jo.0828 x 10“ 6 Q ■ m 1 + 0.0040 KT 1 (T - [25 + 273]) K }/ (0.600x 0.200) m 2 = 0 


Solving for the bus-bar temperature, find T = 426 K = 153°C. < 

(b) Using the energy balance relation in the Workspace of IHT, the bus-bar operating temperature is 

2 

calculated as a function of the convection coefficient for the range 10 < h < 100 W/m K. From this 
graph we can determine that to maintain a safe operating temperature below 120°C, the minimum 
convection coefficient required is 

h,ni n = 16 W/m 2 ■ K. < 


Continued 











PROBLEM 1.69 (Cont.) 


Using the same equations, we can calculate and plot the heat transfer rates by convection and radiation 
as a function of the bus-bar temperature. 




-Convection heat flux, q'cv 

—Radiation exchange, q'rad, eps = 0.8 


Note that convection is the dominant mode for low bus-bar temperatures; that is, for low current flow. 
As the bus-bar temperature increases toward the safe-operating limit (120°C), convection and 
radiation exchange heat transfer rates become comparable. Notice that the relative importance of the 
radiation exchange rate increases with increasing bus-bar temperature. 

COMMENTS: (1) It follows from the second graph that increasing the surface emissivity will be 
only significant at higher temperatures, especially beyond the safe-operating limit. 

(2) The Workspace for the IHT program to perform the parametric analysis and generate the graphs is 
shown below. It is good practice to provide commentary with the code making your solution logic 
clear, and to summarize the results. 

/* Results for base case conditions: 

Ts_C q'cv q'rad rhoe H I Tinf_C Tsur_C W alpha 

eps h 

153.3 1973 1786 1.253E-7 0.6 6E4 30 30 0.2 0.004 

0.8 10 */ 

// Surface energy balance on a per unit length basis 

-q'cv - q’rad + Edot’gen = 0 
q'cv = h * P * (Ts - Tint) 

P = 2 * (W + H) // perimeter of the bar experiencing surface heat transfer 

q'rad = eps * sigma * (Ts A 4 - Tsur A 4) * P 
sigma = 5.67e-8 
Edot'gen = l A 2 * Re' 

Re' = rhoe / Ac 

rhoe = rhoeo * (1 + alpha * (Ts - Teo)) 

Ac = W * H 


// Input parameters 

I = 60000 

alpha = 0.0040 // temperature coefficient, K A -1; typical value for cast aluminum 

rhoeo = 0.0828e-6 // electrical resistivity at the reference temperature, Teo: microohm-m 

Teo = 25 + 273 // reference temperature, K 

W = 0.200 

H = 0.600 

Tinf_C = 30 

Tinf = Tinf_C + 273 

h = 10 

eps = 0.8 

Tsur_C = 30 

Tsur = Tsur_C + 273 

Ts_C = Ts - 273 





PROBLEM 1.70 


KNOWN: Solar collector designed to heat water operating under prescribed solar irradiation and 
loss conditions. 

FIND: (a) Useful heat collected per unit area of the collector, q", (b) Temperature rise of the water 
flow, T 0 — Tj, and (c) Collector efficiency. 


SCHEMATIC: 




(Mat 


Surroundincjs (Sky), = C 



ASSUMPTIONS: (1) Steady-state conditions, (2) No heat losses out sides or back of collector, (3) 
Collector area is small compared to sky surroundings. 


PROPERTIES: Table A.6 , Water (300K): c p = 4179 J/kg-K. 

ANALYSIS: (a) Defining the collector as the control volume and writing the conservation of energy 
requirement on a per unit area basis, find that 

Ein — E out + Eg en — E st . 

Identifying processes as per above right sketch, 

// // // // _ / -V 

Osolar ~ Orad ~ Oconv ~ Ou — 

where q sohir = 0.9 q$; that is, 90% of the solar flux is absorbed in the collector (Eq. 1.6). Using the 
appropriate rate equations, the useful heat rate per unit area is 

q'„ = 0.9 q; - ax (t c 4 p - T s 4 ky ) - h (T s - ) 

q; =0.9x70o2T-0.94x5.67xier 8 W (303 4 - 263 4 )k 4 -10 ^ (30 - 25)° C 
m 2 m 2 K 4V ’ m 2 ■ K 

q" =630W/m 2 -194W/m 2 -50W/m 2 =386W/m 2 . < 

(b) The total useful heat collected is q" ■ A. Defining a control volume about the water tubing, the 
useful heat causes an enthalpy change of the flowing water. That is, 

q , ' A=mc p (T i -T 0 ) or 

(Tj -T 0 ) = 386 W/m 2 x3m 2 /0.01kg/sx4179J/kg ■ K=27.7°C. < 

(c) The efficiency is 7] = q^ /q£ = ^386 W/m 2 )/ ^700 W/m 2 ) = 0.55 or 55%. < 


COMMENTS: Note how the sky has been treated as large surroundings at a uniform temperature 









PROBLEM 1.71 


KNOWN: Surface-mount transistor with prescribed dissipation and convection cooling conditions. 

FIND: (a) Case temperature for mounting arrangement with air-gap and conductive paste between case 
and circuit board, (b) Consider options for increasing Eg, subject to the constraint that T c = 40°C. 


SCHEMATIC: 


Too = 20 °C 
/? = 50 W/m 2 -K 


Gap, kg,t= 0.2 mm-* 
Circuit board 



Transistor case, 150 mW dissipation 


= txw = 1 mm x 0.25 mm 
4 mm 

= 8 mm 


,( L 1 = 

lLo = 


4 mm 


monv 


JL- 


Eg' / ^concl, gap 


lead 


ASSUMPTIONS: (1) Steady-state conditions, (2) Transistor case is isothermal, (3) Upper surface 
experiences convection; negligible losses from edges, (4) Leads provide conduction path between case 
and board, (5) Negligible radiation, (6) Negligible energy generation in leads due to current flow, (7) 
Negligible convection from surface of leads. 

PROPERTI E S: (Given): Air, kg a = 0.0263 W/m-K; Paste, kg ^ = 0.12 W/m-K; Metal leads, k £ = 
25 W/m-K. 

ANALYSIS: (a) Define the transistor as the system and identify modes of heat transfer. 

Ein ~ E 0 ut + Eg = AE st = 0 

—1 ^conv — Qcond^ap — 3qi eac i + Eg = 0 

-hA s (T c - Too)-k g A s ^J2_ 3k ^A c + E g = 0 

where A s = XL 2 =4x8 mm 2 = 32 x 10 6 m 2 and A c = t x w = 0.25 x 1 mm 2 = 25 x 10 8 m 2 . 
Rearranging and solving for T c , 


T c = {hA s Too + [k g A s /t + 3 (kg A c /L)] T b + E g }/ [hA s + k g A s /t + 3 (k* A c /L)] 
Substituting numerical values, with the air-gap condition (kg a = 0.0263 W/m-K) 


-{ 


50W/m 2 ■ K x 32x 10 -6 m 2 x 20° C + 


+3(25W/m• Kx25x 10 8 m 2 /4xl0 3 m 


(°- 

j 35°cj/ 


0263W/m-Kx32xl0 _6 m 2 /0.2xl0 _3 m) 


1.600x10 3 +4.208x10 3 +4.688x10 3 


W/K 


T c =47.0°C. 


< 

Continued... 
















PROBLEM 1.71 (Cont.) 


With the paste condition ( kg.p = 0.12 W/m-K), T c = 39.9°C. As expected, the effect of the conductive 
paste is to improve the coupling between the circuit board and the case. Hence, T c decreases. 


(b) Using the keyboard to enter model equations into the workspace, IHT has been used to perform the 
desired calculations. For values of = 200 and 400 W/m-K and convection coefficients in the range 
from 50 to 250 W/m 2 -K, the energy balance equation may be used to compute the power dissipation for a 
maximum allowable case temperature of 40°C. 


o 

CL 



Convection coefficient, h(W/m A 2.K) 

■&— kl = 400 W/m.K 
-A— kl = 200 W/m.K 


As indicated by the energy balance, the power dissipation increases linearly with increasing h, as well as 
with increasing . For h = 250 W/m 2 -K (enhanced air cooling) and k^ = 400 W/m-K (copper leads), 
the transistor may dissipate up to 0.63 W. 

COMMENTS: Additional benefits may be derived by increasing heat transfer across the gap separating 
the case from the board, perhaps by inserting a highly conductive material in the gap. 




PROBLEM 1.72(a) 

KNOWN: Solar radiation is incident on an asphalt paving. 
FIND: Relevant heat transfer processes. 

SCHEMATIC: 



The relevant processes shown on the schematic include: 


q§ Incident solar radiation, a large portion of which q£ abs , ' s absorbed by the asphalt 
surface, 

q" ad Radiation emitted by the surface to the air, 

q" onv Convection heat transfer from the surface to the air, and 

q" on d Conduction heat transfer from the surface into the asphalt. 

Applying the surface energy balance, Eq. 1.12, 

// // // _ // 

^S.abs ~ ^rad ” Qconv ^Icond- 

COMMENTS: (1) q" ond and q" onv could be evaluated from Eqs. 1.1 and 1.3, respectively. 


(2) It has been assumed that the pavement surface temperature is higher than that of the 
underlying pavement and the air, in which case heat transfer by conduction and convection 
are from the surface. 

(3) For simplicity, radiation incident on the pavement due to atmospheric emission has been 
ignored (see Section 12.8 for a discussion). Eq. 1.6 may then be used for the absorbed 
solar irradiation and Eq. 1.5 may be used to obtain the emitted radiation q" ad . 

(4) With the rate equations, the energy balance becomes 


q^abs 


■£ G T, 


h(T s -T 00 ) = -k 


dT 

dx 





PROBLEM 1.72(b) 


KNOWN: Physical mechanism for microwave heating. 

FIND: Comparison of (a) cooking in a microwave oven with a conventional radiant or 
convection oven and (b) a microwave clothes dryer with a conventional dryer. 

(a) Microwave cooking occurs as a result of volumetric thermal energy generation throughout 
the food, without heating of the food container or the oven wall. Conventional cooking relies 
on radiant heat transfer from the oven walls and/or convection heat transfer from the air space 
to the surface of the food and subsequent heat transfer by conduction to the core of the food. 
Microwave cooking is more efficient and is achieved in less time. 

(b) In a microwave dryer, the microwave radiation would heat the water, but not the fabric, 
directly (the fabric would be heated indirectly by energy transfer from the water). By heating 
the water, energy would go directly into evaporation, unlike a conventional dryer where the 
walls and air are first heated electrically or by a gas heater, and thermal energy is subsequently 
transferred to the wet clothes. The microwave dryer would still require a rotating drum and 
air flow to remove the water vapor, but is able to operate more efficiently and at lower 
temperatures. For a more detailed description of microwave drying, see Mechanical 
Engineering , March 1993, page 120. 



PROBLEM 1.72(c) 

KNOWN: Surface temperature of exposed arm exceeds that of the room air and walls. 
FIND: Relevant heat transfer processes. 

SCHEMATIC: 



Neglecting evaporation from the surface of the skin, the only relevant heat transfer processes 
are: 

q CO nv Convection heat transfer from the skin to the room air, and 

q rat | Net radiation exchange between the surface of the skin and the surroundings 

(walls of the room). 

You are not imagining things. Even though the room air is maintained at a fixed temperature 

(Too = 15°C), the inner surface temperature of the outside walls, T sur , will decrease with 
decreasing outside air temperature. Upon exposure to these walls, body heat loss will be 
larger due to increased q rac j. 

COMMENTS: The foregoing reasoning assumes that the thermostat measures the true room 
air temperature and is shielded from radiation exchange with the outside walls. 



PROBLEM 1.72(d) 

KNOWN: Tungsten filament is heated to 2900 K in an air-filled glass bulb. 
FIND: Relevant heat transfer processes. 

SCHEMATIC: 



The relevant processes associated with the filament and bulb include: 

Orad f Radiation emitted by the tungsten filament, a portion of which is transmitted 

through the glass, 

qcom , I Free convection from filament to air of temperature T. u < T f , 

Orad g i Radiation emitted by inner surface of glass, a small portion of which is 

intercepted by the filament, 

Oconv.g.i Free convection from air to inner glass surface of temperature T g j < T ai , 

Ocond.g Conduction through glass wall, 

q con v,g,o Free convection from outer glass surface to room air of temperature 
T a,o <T g,o> and 

9rad,g-sur Net radiation heat transfer between outer glass surface and surroundings, such 
as the walls of a room, of temperature T sur < T g 0 . 

COMMENTS: If the glass bulb is evacuated, no convection is present within the bulb; that 

1S ’ 9conv,f — 9conv,g,i ~ 




PROBLEM 1.72(e) 

KNOWN: Geometry of a composite insulation consisting of a honeycomb core. 
FIND: Relevant heat transfer processes. 

SCHEMATIC: 



The above schematic represents the cross section of a single honeycomb cell and surface 
slabs. Assumed direction of gravity field is downward. Assuming that the bottom (inner) 

surface temperature exceeds the top (outer) surface temperature (T s j > T s 0 ), heat transfer 

in the direction shown. 

Heat may be transferred to the inner surface by convection and radiation, whereupon it is 
transferred through the composite by 

q con d i Conduction through the inner solid slab, 

^conv.hc Free convection through the cellular airspace, 

Qcond,he Conduction through the honeycomb wall, 

Qrad,he Radiation between the honeycomb surfaces, and 

q con d o Conduction through the outer solid slab. 

Heat may then be transferred from the outer surface by convection and radiation. Note that 
for a single cell under steady state conditions, 

Qrad ,i Qconv.i Qcond.i Qconv.hc "FQcond.hc 


"'"Qrad.hc Qcond.o Qrad.o "FQconv.o- 

COMMENTS: Performance would be enhanced by using materials of low thermal 
conductivity, k, and emissivity, 8. Evacuating the airspace would enhance performance by 
eliminating heat transfer due to free convection. 







PROBLEM 1.72(f) 


KNOWN: A thermocouple junction is used, with or without a radiation shield, to measure 
the temperature of a gas flowing through a channel. The wall of the channel is at a 
temperature much less than that of the gas. 


FIND: (a) Relevant heat transfer processes, (b) Temperature of junction relative to that of 
gas, (c) Effect of radiation shield. 


SCHEMATIC: 


T s <T q 


'S.N :* 9 ... 




Hot gas 
stream 

T 9 



TC junction , 7/ 
(without shield) 


Side view 


End view 


G-as stream 


.f-Q—^ 


'Shield 



ASSUMPTIONS: (1) Junction is small relative to channel walls, (2) Steady-state conditions, 
(3) Negligible heat transfer by conduction through the thermocouple leads. 

ANALYSIS: (a) The relevant heat transfer processes are: 

q rad Net radiation transfer from the junction to the walls, and 

q CO nv Convection transfer from the gas to the junction. 

(b) From a surface energy balance on the junction, 


^conv ^lrad 


or from Eqs. 1.3a and 1.7, 

h a(Tj -Tg) = e A <t(t^-T^). 
To satisfy this equality, it follows that 


That is, the junction assumes a temperature between that of the channel wall and the gas, 
thereby sensing a temperature which is less than that of the gas. 

(c) The measurement error (Tg — Tj j is reduced by using a radiation shield as shown in the 

schematic. The junction now exchanges radiation with the shield, whose temperature must 
exceed that of the channel wall. The radiation loss from the junction is therefore reduced, and 
its temperature more closely approaches that of the gas. 




PROBLEM 1.72(g) 

KNOWN: Fireplace cavity is separated from room air by two glass plates, open at both ends. 
FIND: Relevant heat transfer processes. 


SCHEMATIC: 



The relevant heat transfer processes associated with the double-glazed, glass fire screen are: 

q rac j ] Radiation from flames and cavity wall, portions of which are absorbed and 

transmitted by the two panes, 

q ra( j 2 Emission from inner surface of inner pane to cavity, 

q rac j 3 Net radiation exchange between outer surface of inner pane and inner surface 

of outer pane, 

q rac ] 4 Net radiation exchange between outer surface of outer pane and walls of room, 

Qconv.l Convection between cavity gases and inner pane, 

c lconv2 Convection across air space between panes, 

q C onv,3 Convection from outer surface to room air, 

q C ond, 1 Conduction across inner pane, and 

q con d,2 Conduction across outer pane. 


COMMENTS: (1) Much of the luminous portion of the flame radiation is transmitted to the 
room interior. 


(2) All convection processes are buoyancy driven (free convection). 



PROBLEM 1.73(a) 

KNOWN: Room air is separated from ambient air by one or two glass panes. 
FIND: Relevant heat transfer processes. 

SCHEMATIC: 



Sinq/e pane Double pane 

The relevant processes associated with single (above left schematic) and double (above right 
schematic) glass panes include. 

q conv 1 Convection from room air to inner surface of first pane, 

QradJ Net radiation exchange between room walls and inner surface of first pane, 

Qcond.l Conduction through first pane, 

q conv s Convection across airspace between panes, 

q ra d,s Net radiation exchange between outer surface of first pane and inner surface of 

second pane (across airspace), 

q con d,2 Conduction through a second pane, 

q CO nv,2 Convection from outer surface of single (or second) pane to ambient air, 

q rac j ( 2 Net radiation exchange between outer surface of single (or second) pane and 

surroundings such as the ground, and 

q s Incident solar radiation during day; fraction transmitted to room is smaller for 

double pane. 

COMMENTS: Heat loss from the room is significantly reduced by the double pane 
construction. 



PROBLEM 1.73(b) 

KNOWN: Configuration of a flat plate solar collector. 

FIND: Relevant heat transfer processes with and without a cover plate. 


SCHEMATIC: 


^rad,t 


Ambient 
. air _/ 




^rodpo A^conv.co 


-Cover plate 


c conv,ao 


\ 4&rad,a-c jficonv.a-C 

_ T _ T S~ Airs p ace 

Absorber plate^ ,9^,," I 


wmrwmm'^rkins *«.<■ 

" ! 'Q '^Xnsula - 

▼ i cond ▼ ~COnd 


The relevant processes without (above left schematic) and with (above right schematic) 
include: 

q s Incident solar radiation, a large portion of which is absorbed by the absorber 

plate. Reduced with use of cover plate (primarily due to reflection off cover 
plate). 

Qrad.oo Net radiation exchange between absorber plate or cover plate and 

surroundings, 

Qconv.oo Convection from absorber plate or cover plate to ambient air, 

^rad.a-c Net radiation exchange between absorber and cover plates, 

Qconv.a-c Convection heat transfer across airspace between absorber and cover plates, 
q CO nd Conduction through insulation, and 

q CO nv Convection to working fluid. 

COMMENTS: The cover plate acts to significantly reduce heat losses by convection and 
radiation from the absorber plate to the surroundings. 



PROBLEM 1.73(c) 

KNOWN: Configuration of a solar collector used to heat air for agricultural applications. 
FIND: Relevant heat transfer processes. 

SCHEMATIC: 



Assume the temperature of the absorber plates exceeds the ambient air temperature. At the 
cover plates , the relevant processes are: 

c lconv,a-i Convection from inside air to inner surface, 

Qrad.p-i Net radiation transfer from absorber plates to inner surface, 

Qconv.i-o Convection across airspace between covers, 
q rad i-o Net radiation transfer from inner to outer cover, 

^conv.o-oo Convection from outer cover to ambient air, 

q ra d,o Net radiation transfer from outer cover to surroundings, and 

q s Incident solar radiation. 

Additional processes relevant to the absorber plates and airspace are: 
q St Solar radiation transmitted by cover plates, 

Qconv.p-a Convection from absorber plates to inside air, and 


d co nd 


Conduction through insulation. 



PROBLEM 1.73(d) 
KNOWN: Features of an evacuated tube solar collector. 
FIND: Relevant heat transfer processes for one of the tubes. 

SCHEMATIC: 



The relevant heat transfer processes for one of the evacuated tube solar collectors includes: 

q§ Incident solar radiation including contribution due to reflection off panel (most 

is transmitted), 


lconv.o 


o-sur 


c \ rad 


qs.t 


qrad,i-c 


lconv.i 


Convection heat transfer from outer surface to ambient air, 

Net rate of radiation heat exchange between outer surface of outer tube and the 
surroundings, including the panel, 

Solar radiation transmitted through outer tube and incident on inner tube (most 
is absorbed), 

Net rate of radiation heat exchange between outer surface of inner tube and 
inner surface of outer tube, and 

Convection heat transfer to working fluid. 


There is also conduction heat transfer through the inner and outer tube walls. If the walls are 
thin, the temperature drop across the walls will be small. 



PROBLEM 2.1 


KNOWN: Steady-state, one-dimensional heat conduction through an axisymmetric shape. 
FIND: Sketch temperature distribution and explain shape of curve. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, one-dimensional conduction, (2) Constant properties, (3) No 
internal heat generation. 

ANALYSIS: Performing an energy balance on the object according to Eq. 1.1 la, Ej n — E out = 0, it 
follows that 

^in — E out — q x 

and that q x i 1 q x (xj. That is, the heat rate within the object is everywhere constant. From Fourier’s 
law, 

_ , A dT 

kA X J ’ 

dx 

and since q x and k are both constants, it follows that 

A dT ^ 

A Y — = Constant. 

x dx 

That is, the product of the cross-sectional area normal to the heat rate and temperature gradient 

remains a constant and independent of distance x. It follows that since A x increases with x, then 
dT/dx must decrease with increasing x. Hence, the temperature distribution appears as shown above. 

COMMENTS: (1) Be sure to recognize that dT/dx is the slope of the temperature distribution. (2) 
What would the distribution be when T 2 > T | ? (3) How does the heat flux, q x , vary with distance? 




PROBLEM 2.2 


KNOWN: Hot water pipe covered with thick layer of insulation. 

FIND: Sketch temperature distribution and give brief explanation to justify shape. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional (radial) conduction, (3) No 
internal heat generation, (4) Insulation has uniform properties independent of temperature and 
position. 

ANALYSIS: Fourier’s law, Eq. 2.1, for this one-dimensional (cylindrical) radial system has the form 


q r 



-k(2 ml) 


dT 

dr 


where A r = 2TTr f and l is the axial length of the pipe-insulation system. Recognize that for steady- 
state conditions with no internal heat generation, an energy balance on the system requires 
E in = E out since E g = E st = 0. Hence 


q r = Constant. 


That is, q r is independent of radius (r). Since the thermal conductivity is also constant, it follows that 



= Constant. 


This relation requires that the product of the radial temperature gradient, dT/dr, and the radius, r, 
remains constant throughout the insulation. For our situation, the temperature distribution must 
appear as shown in the sketch. 

COMMENTS: (1) Note that, while q r is a constant and independent of r, q" is not a constant. How 
does q"(r) vary with r? (2) Recognize that the radial temperature gradient, dT/dr, decreases with 
increasing radius. 



PROBLEM 2.3 


KNOWN: A spherical shell with prescribed geometry and surface temperatures. 
FIND: Sketch temperature distribution and explain shape of the curve. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in radial (spherical 
coordinates) direction, (3) No internal generation, (4) Constant properties. 

ANALYSIS: Fourier’s law, Eq. 2.1, for this one-dimensional, radial (spherical coordinate) system 
has the form 


1 A dT 

q r = -k A r — = ■ 
dr 



dT 

dr 


where A r is the surface area of a sphere. For steady-state conditions, an energy balance on the system 
yields Ej n = E out , since E g = E st = 0. Hence, 



That is, q r is a constant, independent of the radial coordinate. Since the thermal conductivity is 
constant, it follows that 


r 


2 


dT 

dr 


= Constant. 


This relation requires that the product of the radial temperature gradient, dT/dr, and the radius 
2 

squared, r , remains constant throughout the shell. Hence, the temperature distribution appears as 
shown in the sketch. 

COMMENTS: Note that, for the above conditions, q r i 1 q r (r); that is, q r is everywhere constant. 
How does c\' vary as a function of radius? 


PROBLEM 2.4 


KNOWN: Symmetric shape with prescribed variation in cross-sectional area, temperature 
distribution and heat rate. 

FIND: Expression for the thermal conductivity, k. 

SCHEMATIC: 



U 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x-direction, (3) 
No internal heat generation. 

ANALYSIS: Applying the energy balance, Eq. 1 . 1 la, to the system, it follows that, since 

E _ E 

^in ^out’ 

q x =Constant =£ f(x). 


Using Fourier’s law, Eq. 2.1, with appropriate expressions for A x and T, yields 


. A dT 
q x = -k A x — 
dx 


6000W=-k ■ (1-x) m 2 ■ — ^300(l - 2x-x 3 V K 
dx V ' 


Solving for k and recognizing its units are W/m-K, 


, -6000 20 

k=-=-- =-. < 

(l-x) 300(-2-3x 2 ) (l-x)(2 + 3x 2 ) 

COMMENTS: (1) At x = 0, k = 10W/m-K and k -» 00 as x -» 1. (2) Recognize that the 1-D 
assumption is an approximation which becomes more inappropriate as the area change with x, and 
hence two-dimensional effects, become more pronounced. 




PROBLEM 2.5 


KNOWN: End-face temperatures and temperature dependence of k for a truncated cone. 
FIND: Variation with axial distance along the cone of q x , q", k, and dT/ dx. 



ASSUMPTIONS: (1) One-dimensional conduction in x (negligible temperature gradients along y), 
(2) Steady-state conditions, (3) Adiabatic sides, (4) No internal heat generation. 

ANALYSIS: For the prescribed conditions, it follows from conservation of energy, Eq. l.lla, that 
for a differential control volume, Ej n = E out or q x = q x+c j x . Hence 

q x is independent of x. 

Since A(x) increases with increasing x, it follows that q x = q x / A(xj decreases with increasing x. 

Since T decreases with increasing x, k increases with increasing x. Hence, from Fourier’s law, Eq. 

2 . 2 , 



dT 

dx’ 


it follows that I dT/dx I decreases with increasing x. 


PROBLEM 2.6 


KNOWN: Temperature dependence of the thermal conductivity, k(T), for heat transfer through a 
plane wall. 

FIND: Effect of k(T) on temperature distribution, T(x). 

ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) No internal heat 
generation. 

ANALYSIS: From Fourier’s law and the form of k(T), 

q * = - k S = - (k ‘> +aT) 5T (1) 

2 2 

The shape of the temperature distribution may be inferred from knowledge of d T/dx = d(dT/dx)/dx. 
Since q" is independent of x for the prescribed conditions, 


dx 


d_ 

dx 


(k 0+ aT)£ 


-(k 0 +aT) 


d 2 T 

d? 


-a 


dT 

dx 


i2 


0 . 


Hence, 


d 2 T 


-a 


dx“ k 0 + aT 


dT 

dx 


~\2 


where < 


k 0 + aT = k > 0 


dT 

dx 


>0 


from which it follows that for 


a > 0: d 2 T/dx 2 < 0 
a = 0: d 2 T / dx 2 = 0 
a < 0: d 2 T/dx 2 > 0. 



COMMENTS: The shape of the distribution could also be inferred from Eq. (1). Since T decreases 
with increasing x, 

a > 0: k decreases with increasing x = > I dT/dx I increases with increasing x 
a = 0: k = k Q = > dT/dx is constant 

a < 0: k increases with increasing x = > I dT/dx I decreases with increasing x. 



PROBLEM 2.7 


KNOWN: Thermal conductivity and thickness of a one-dimensional system with no internal heat 
generation and steady-state conditions. 

FIND: Unknown surface temperatures, temperature gradient or heat flux. 

SCHEMATIC: 


T(x) 


Tt 




' L = 0.5m 


4 9* I , Temperature gradient 

ASSUMPTIONS: (1) One-dimensional heat flow, (2) No internal heat generation, (3) Steady-state 
conditions, (4) Constant properties. 

ANALYSIS: The rate equation and temperature gradient for this system are 


„ . dT 

q x =- k — 

dx 


and 

dx L 


( 1 , 2 ) 


Using Eqs. (1) and (2), the unknown quantities can be determined. 

dT (400-300) K 

(a) — = -- — = 200 K/m 

dx 0.5m 


, W K 2 

q^ = -25-x 200 — = -5000 W/ni . 


(b) q' x = -25- 
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m 



W 
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1 

0 

-X 
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(c) q' = -25—^—x 200— = -5000 W/m 2 
m- K m 


T 2 =80°C-0.5m 


200 — 
m 


= -20 C. 


(d) — = -^ = - 


dT M 

dx k 
"dT 


4000 W/nT , ^ K 

- = -160— 

25 W/m -K m 


Tt=L 


dx 
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K 

-160 — 


+ -5 C VaNb 


Tj = -85 C. 


(e) ^ 
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K 
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m 
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PROBLEM 2.8 


KNOWN: One-dimensional system with prescribed thermal conductivity and thickness. 
FIND: Unknowns for various temperature conditions and sketch distribution. 

SCHEMATIC: 



L -0,Z5in 


TeUfficratcire grflc 


ft- SO 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) No internal heat 
generation, (4) Constant properties. 


ANALYSIS: The rate equation and temperature gradient for this system are 


, , dT 

q x =-k— 

dx 


dT T ? -T, 
and — = -*■ - L 


dx L 

Using Eqs. (1) and (2), the unknown quantities for each case can be determined. 


( 1 , 2 ) 


, , dT (-20-50)K 

(a) — = -= -280 K/m 

dx 0.25m 


q ;=-5o- 


W 


-x 


-280 — 


(b) 


m-K 

dT (-10-(-30))K 


m 


= 14.0 kW/m . 


0.25m 


= 80 K/m 


q ;=-5o 


W 

m-K 


-x 


80 — 
m 


= -4.0 kW/nT 






x 

-zor 



-tor 


(c) 


, W 

qC =-50-x 

X m-K 


K 

160— 

m 


To = L ■ — + Ti =0.25mx 
dx 


T 2 =110°C. 


= -8.0 kW/m 

+ 70°C. 


160 — 


m 


(d) q ;=-5o 


W 

m-K 


-x 


-80 — 
m 


= 4.0 kW/nT 


dT 


Ti = To -L-= 40 C-0.25m 


dx 


K 

-80 — 


m 


.e 


Tj = 60 C. 


r* 

70XY 




K 

m 




W- 


lor dx m 


(e) q ;=-50 


W 

m-K' 


200 — 
m 


dT 


Ti = To -L -= 30 C-0.25m 

dx 


= -10.0 kW/m 
K 

200— =-20 C. 
m 




r t 















































PROBLEM 2.9 


KNOWN: Plane wall with prescribed thermal conductivity, thickness, and surface temperatures. 

FIND: Heat flux, q” , and temperature gradient, dT/dx, for the three different coordinate systems 
shown. 


SCHEMATIC: 

11-400K 
T z =600K 

k = 100W/?n 
L=100 777 777 



I ■ 

O L X 

(a) 




ASSUMPTIONS: (1) One-dimensional heat flow, (2) Steady-state conditions, (3) No internal 
generation, (4) Constant properties. 

ANALYSIS: The rate equation for conduction heat transfer is 


a ~__ k dT 

% dx’ 

where the temperature gradient is constant throughout the wall and of the form 

dT_ T(L)-T(0) 
dx L 

Substituting numerical values, find the temperature gradients, 

dT _ T 2 - T, _ (600-400) K 


(a) 

(b) 


dx 


L 


0.100m 


2000 K/m 


dT=^ = (400 - 600)K = _ 2ro0K/m 

dx L 0.100m 


(0 += 


dT = T k -T, = (600 - 400)K =2000K/m 
dx L 0.100m 


The heat rates, using Eq. (1) with k = 100 W/m-K, are 

(a) q" =-100^^x2000 K/m = -200 kW/m 2 

m- K 

(b) q" = -100^^(-2000 K/ m) = +200 kW / m 2 

m- K 

(c) q" = —100—^—x 2000 K/m = -200 kW/ m 2 

m- K 


( 1 ) 

( 2 ) 

< 

< 

< 

< 

< 


< 



PROBLEM 2.10 

KNOWN: Temperature distribution in solid cylinder and convection coefficient at cylinder surface. 


FIND: Expressions for heat rate at cylinder surface and fluid temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Steady-state conditions, (3) Constant 
properties. 

ANALYSIS: The heat rate from Fourier’s law for the radial (cylindrical) system has the form 

1 A dT 

q r =-kA r —. 

dr 

2 

Substituting for the temperature distribution, T(r) = a + br , 
q r = -k(27zrL) 2br = -4-TtkbLr 2 . 

At the outer surface ( r = r Q ), the conduction heat rate is 

q =- 4 7ZkbLr 0 2 . < 


From a surface energy balance at r = r Q , 

dr=r 0 — dconv — h(27Tr 0 L) [T(r 0 ) — T*,], 


V’-I 
V' 


Substituting for q r - lo and solving for Too, 

, 2kbr„ 

= T(r 0 ) + —^ 


, ? 2kbr n 
= a + br^ + 0 

h 

2k" 


= a + bp 


h, +■ 



PROBLEM 2.11 


KNOWN: Two-dimensional body with specified thermal conductivity and two isothermal surfaces 
of prescribed temperatures; one surface. A. has a prescribed temperature gradient. 

FIND: Temperature gradients, dT/dx and dT/dy, at the surface B. 

SCHEMATIC: 



ASSUMPTIONS: (1) Two-dimensional conduction, (2) Steady-state conditions, (3) No heat 
generation, (4) Constant properties. 

ANALYSIS: At the surface A, the temperature gradient in the x-direction must be zero. That is, 

(dT/dx) A = 0. This follows from the requirement that the heat flux vector must be normal to an 
isothermal surface. The heat rate at the surface A is given by Fourier’s law written as 

<?rl W K 

q' =-kw A — =-10-x 2mx 30— = -600W / m. 

y ’ dyj A m ■ K m 

On the surface B, it follows that 


(<dT / <9y) B = 0 < 

in order to satisfy the requirement that the heat flux vector be normal to the isothermal surface B. 
Using the conservation of energy requirement, Eq. 1.1 la, on the body, find 

Oy.A - Ox.B =0 or q' x B = qy A . 


Note that, 


Ox.B = 


-k - w 


oT 


and hence 


(«?T/«X)b 


k- w B 


-(-600 W/m) 
10W/mKxlm 


= 60 K/ m. 


< 


COMMENTS: Note that, in using the conservation requirement, q- n = +q(, A and q'^ = +q x B . 




PROBLEM 2.12 


KNOWN: Length and thermal conductivity of a shaft. Temperature distribution along shaft. 
FIND: Temperature and heat rates at ends of shaft. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x, (3) Constant 
properties. 

ANALYSIS: Temperatures at the top and bottom of the shaft are, respectively, 

T(0) = 100°C T(L) = -40°C. < 

Applying Fourier’s law, Eq. 2.1, 

irp 

q x = -kA — = -25 W / m ■ k(o. 005 m 2 V-150 + 20x)°C / m 
q x =0.125(150 - 20x)W. 


Hence, 


q x (0)= 18.75 W q x (L) = 16.25 W. < 

The difference in heat rates, q x (0) > q x (L), is due to heat losses q / from the side of the shaft. 

COMMENTS: Heat loss from the side requires the existence of temperature gradients over the shaft 
cross-section. Hence, specification of T as a function of only x is an approximation. 




PROBLEM 2.13 


KNOWN: A rod of constant thermal conductivity k and variable cross-sectional area A x (x) = A 0 e ax 
where A 0 and a are constants. 


FIND: (a) Expression for the conduction heat rate, q x (x); use this expression to determine the 
temperature distribution, T(x); and sketch of the temperature distribution, (b) Considering the 
presence of volumetric heat generation rate, q = q Q exp (—ax), obtain an expression for q x (x) when 
the left face, x = 0, is well insulated. 


SCHEMATIC: 



T(x) 



ASSUMPTIONS: (1) One-dimensional conduction in the rod, (2) Constant properties, (3) Steady- 
state conditions. 

ANALYSIS: Perform an energy balance on the control volume, A(x) dx, 

^in - E ou t + Eg = 0 

qx-qx+dx+q A ( x ) dx = o 


The conduction heat rate terms can be expressed as a Taylor series and substituting expressions for q 
and A(x), 


- —(%) + % exp(-ax) - A 0 exp(ax) = 0 

i A / \dT 
q x = -k-A(x) — 

dx 

(a) With no internal generation, q G = 0, and from Eq. (1) find 


(1) 

( 2 ) 


_d_ 

dx 


(q x ) = o 


< 


indicating that the heat rate is constant with x. By combining Eqs. (1) and (2) 


dx 


dT 


v dx ) 


= 0 or A(x)— = C, 
v ' dx 


(3)< 


Continued... 



PROBLEM 2.13 (Cont.) 


That is. the product of the cross-sectional area and the temperature gradient is a constant, independent 
of x. Hence, with T(0) > T(L), the temperature distribution is exponential, and as shown in the sketch 
above. Separating variables and integrating Eq. (3), the general form for the temperature distribution 
can be determined, 

A 0 exp(ax)~ = C! 
dx 

dT = QAq 1 exp(-ax)dx 


T (x) = —CqA Q a exp (-ax) + C 2 


< 


We could use the two temperature boundary conditions, T 0 = T(0) and T L = T(L), to evaluate Ci and 
C 2 and, hence, obtain the temperature distribution in terms of T 0 and T L . 

(b) With the internal generation, from Eq. (1), 


' , ( c lx) + qo A o _ 0 
dx 


q x =q 0 A o x 


That is, the heat rate increases linearly with x. 

COMMENTS: In part (b), you could determine the temperature distribution using Fourier’s law and 
knowledge of the heat rate dependence upon the x-coordinate. Give it a try! 



PROBLEM 2.14 


KNOWN: Dimensions and end temperatures of a cylindrical rod which is insulated on its side. 
FIND: Rate of heat transfer associated with different rod materials. 


SCHEMATIC: 


T t 



ASSUMPTIONS: (1) One-dimensional conduction along cylinder axis, (2) Steady-state conditions, 
(3) Constant properties. 

PROPERTIES: The properties may be evaluated from Tables A-l to A-3 at a mean temperature of 
50°C = 323K and are summarized below. 

ANALYSIS: The heat transfer rate may be obtained from Fourier’s law. Since the axial temperature 
gradient is linear, this expression reduces to 

, T.-T, , ;r(0.025m) 2 (100-0)°C n . „ . , 

q = kA—-- = k—- '—± -— = 0.49l(m- C)- k 

L 4 0.1m v ’ 


Cu A1 St.St. SiN Oak Magnesia Pyrex 

(pure) (2024) (302) (85%) 


k(W/m-K) 

401 

177 

16.3 

14.9 

0.19 

0.052 

1.4 

q(W) 

197 

87 

8.0 

7.3 

0.093 

0.026 

0.69 < 


COMMENTS: The k values of Cu and A1 were obtained by linear interpolation; the k value of St.St. 
was obtained by linear extrapolation, as was the value for SiN; the value for magnesia was obtained 
by linear interpolation; and the values for oak and pyrex are for 300 K. 



PROBLEM 2.15 


KNOWN: One-dimensional system with prescribed surface temperatures and thickness. 

FIND: Heat flux through system constructed of these materials: (a) pure aluminum, (b) plain carbon 
steel, (c) AISI 316, stainless steel, (d) pyroceram, (e) teflon and (f) concrete. 


SCHEMATIC: 


T^^ZSK- 



Materia/ of 
known k 




- L -ZOm m 

T z -Z7SK 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) No heat 
generation, (4) Constant thermal properties. 


PROPERTIES: The thermal conductivity is evaluated at the average temperature of the system, T = 
(Ti+T 2)/2 = (325+275)K/2 = 300K. Property values and table identification are shown below. 
ANALYSIS: For this system, Fourier’s law can be written as 


_ k dl = _ k T2zA 

dx L 


Substituting numerical values, the heat flux is 
// 

q x 


(Z7S-323)K K 


20x10 m 


m 


2 . 


where q x will have units W/m if k has units W/m-K. The heat fluxes for each system follow. 


Material 


Thermal conductivity 
Table k(W/m-K) 


Heat flux 


(kW/m 2 ) 


(a) Pure Aluminum 

A-l 

237 

593 

(b) Plain carbon steel 

A-l 

60.5 

151 

(c) AISI 316, S.S. 

A-l 

13.4 

33.5 

(d) Pyroceram 

A-2 

3.98 

9.95 

(e) Teflon 

A-3 

0.35 

0.88 

(f) Concrete 

A-3 

1.4 

3.5 


COMMENTS: Recognize that the thermal conductivity of these solid materials varies by more than 
two orders of magnitude. 



PROBLEM 2.16 


KNOWN: Different thicknesses of three materials: rock, 18 ft; wood, 15 in; and fiberglass 
insulation, 6 in. 

FIND: The insulating quality of the materials as measured by the R-value. 

PROPERTIES: Table A-3 (300K): 


Material 


Thermal 

conductivity, W/m-K 


Limestone 

Softwood 

Blanket (glass, fiber 10 kg/m ) 


2.15 

0.12 

0.048 


ANALYSIS: The R-value, a quantity commonly used in the construction industry and building 
technology, is defined as 


R = 


L(in) 


k(Btu • in / h ■ ft 2 -° f) 


The R-value can be interpreted as the thermal resistance of a 1 ft cross section of the material. Using 
the conversion factor for thermal conductivity between the SI and English systems, the R-values are: 

Rock, Limestone, 18 ft: 


18 ftxl2 


R= 


in 

It 


2.15 2L x0 .5778 6,11/11 ^ Xl2h 
m ■ K W/m-K ft 


15 ( 


14.5 Btu/h ■ ft ■ F 


\-l 


Wood, Softwood, 15 in: 
R =- 


15 in 


0.12—^—x0-5778 Blu/h ' fl ° F x 12 — 

m-K W/m-K ft 


18 (Btu/h-ft 2 -°F) 1 


Insulation, Blanket, 6 in: 
R =- 


6 in 


0.048 4^2x05778 BlU/hfl ° F xl2” 
m-K W/m-K ft 


18 (Btu/h-ft 2 -°F) 1 


COMMENTS: The R-value of 19 given in the advertisement is reasonable. 



PROBLEM 2.17 


KNOWN: Electrical heater sandwiched between two identical cylindrical (30 mm dia. x 60 mm 
length) samples whose opposite ends contact plates maintained at T 0 . 

FIND: (a) Thermal conductivity of SS316 samples for the prescribed conditions (A) and their 
average temperature, (b) Thermal conductivity of Armco iron sample for the prescribed conditions 
(B), (c) Comment on advantages of experimental arrangement, lateral heat losses, and conditions for 

which ATi T AT 2 - 


SCHEMATIC: 


Heater, 

100T, 

0.353 A 

T 0 --77°C 


x 


T 0 --77°C 


15mm 




Ha Ti-ZS.OX 


r>- ss3/6 


X 


aT z =Z5.0°C 
ax -15mm 


Case A 


%=7 7°C 


Heater ; ^ 
100X > 
0.601 A J 


X=77°C- 


J. 


-SS5/6 


tl 


yr&T L =15.0°C 

-Armco iron 


Kyr z =i5.o°c 


Case B 


ASSUMPTIONS: (1) One-dimensional heat transfer in samples, (2) Steady-state conditions, (3) 
Negligible contact resistance between materials. 

PROPERTIES: Table A.2, Stainless steel 316 (T = 400 K): k ss = 15.2 W/m- K; Armco iron 
(T = 380 K): k iron =71.6 W/m-K. 

ANALYSIS: (a) For Case A recognize that half the heater power will pass through each of the 
samples which are presumed identical. Apply Fourier’s law to a sample 


q = kA c 


AT 

Ax 


k= q Ax 

A C AT 


0.5(100V x 0.353A) x 0.015 m 
—^-= 15.0 W/ m - K. 

^(0.030 mf/4x 25.0°C 


< 


The total temperature drop across the length of the sample is AT | (L/Ax ) = 25°C (60 mm/15 mm) = 
100°C. Hence, the heater temperature is T^ = 177°C. Thus the average temperature of the sample is 

T = (T o + T h ) / 2 = 127°C = 400 K 


We compare the calculated value of k with the tabulated value (see above) at 400 K and note the good 
agreement. 

(b) For Case B, we assume that the thermal conductivity of the SS316 sample is the same as that 
found in Part (a). The heat rate through the Armco iron sample is 


Continued 





PROBLEM 2.17 (CONT.) 


q iro n = q 


heater 


■q ss 


100Vx0.601A-15.0W/mKx 


tt( 0.030 m) 2 


x 


15.0°C 
0.015 m 


q. ron =(60.1-10.6)W = 49.5 W 


where 


Oss k ss A c AT2 / Ax2- 


Applying Fourier’s law to the iron sample, 


v 

^lron 


_ q ir on Ax 2 

a c at 2 


49.5 Wx0.015 m 
tt( 0.030 m) 2 /4x 15.0°C 


= 70.0 W/m K. 


< 


The total drop across the iron sample is 15°C(60/15) = 60°C; the heater temperature is (77 + 60)°C = 
137°C. Hence the average temperature of the iron sample is 


T = (137 + 77)°C / 2 = 107°C = 380 K. < 

We compare the computed value of k with the tabulated value (see above) at 380 K and note the good 
agreement. 

(c) The principal advantage of having two identical samples is the assurance that all the electrical 
power dissipated in the heater will appear as equivalent heat flows through the samples. With only 
one sample, heat can flow from the backside of the heater even though insulated. 

Heat leakage out the lateral surfaces of the cylindrically shaped samples will become significant when 
the sample thermal conductivity is comparable to that of the insulating material. Hence, the method is 
suitable for metallics, but must be used with caution on nonmetallic materials. 


For any combination of materials in the upper and lower position, we expect AT \ = AT 2 . However, if 
the insulation were improperly applied along the lateral surfaces, it is possible that heat leakage will 

occur, causing AT { ^ AT 2 . 



PROBLEM 2.18 


KNOWN: Comparative method for measuring thermal conductivity involving two identical samples 
stacked with a reference material. 

FIND: (a) Thermal conductivity of test material and associated temperature, (b) Conditions for 
which AT t i ^ AT t 2 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer through samples 
and reference material, (3) Negligible thermal contact resistance between materials. 

PROPERTIES: Table A.2, Armco iron (T = 350 K): k r = 69.2 W / m- K. 

ANALYSIS: (a) Recognizing that the heat rate through the samples and reference material, all of the 
same diameter, is the same, it follows from Fourier’s law that 


atu _ yr _ k AT a 

K t ~ K r . _K t 


Ax 


Ax 


Ax 


AT 2.49° C 

k =k — L = 69.2 W/m-K -= 51.9 W/m K. 

' r AT, 3.32°C 


< 


We should assign this value a temperature of 350 K. < 

(b) If the test samples are identical in every respect, AT t ^ | i=- AT t 2 if the thermal conductivity is highly 
dependent upon temperature. Also, if there is heat leakage out the lateral surface, we can expect 

AT( 2 < ATt,1- Leakage could be influential, if the thermal conductivity of the test material were less 
than an order of magnitude larger than that of the insulating material. 



PROBLEM 2.19 


KNOWN: Identical samples of prescribed diameter, length and density initially at a uniform 
temperature Tp sandwich an electric heater which provides a uniform heat flux q" for a period of 

time At 0 . Conditions shortly after energizing and a long time after de-energizing heater are 
prescribed. 

FIND: Specific heat and thermal conductivity of the test sample material. From these properties, 
identify type of material using Table A.l or A.2. 


SCHEMATIC: 


L-10mm 


7;' 


N 




~D- 60 mm 


V V .<-Insulation about the 

■ • i . ii i. 


A "i> r— Sample ip-'- 

^AAAMAT^ <-Heater } P(W) 

—Sample Z.oSP=Z 


x~- 


entire block 
^—Sample tp-Z%5k<}\rrP 




^SampleZpJ]=ZZ.OO C 


ASSUMPTIONS: (1) One dimensional heat transfer in samples, (2) Constant properties, (3) 
Negligible heat loss through insulation, (4) Negligible heater mass. 


ANALYSIS: Consider a control volume about the samples 
and heater, and apply conservation of energy over the time 
interval from t = 0 to °o 

Ejn — E out = AE = Ef — Ej 
PAt o -0=Mc p [TH-T i ] 


-T( 0 )=T,--Z 3 . 00 ’C 
Tfco)- 3 ~5.50°C 



where energy inflow is prescribed by the Case A power condition and the final temperature Tf by 
Case B. Solving for Cp, 


PAt p _ 15 Wxl20s _ 

p “ M^oo)-^] “ 2x3965 kg/m 3 (^x0.060 2 /4)m 2 x0.010m[33.50-23.00]°C 


c p = 765 J / kg ■ K < 

2 

where M = pV = 2p(ttD /4)L is the mass of both samples. For Case A, the transient thermal response 
of the heater is given by 


Continued 






PROBLEM 2.19 (Cont.) 


T 0 (t) —Ti=2q" 

2q'' 


Kpc„k 


k = 


npc. 


p 1 

i2 


1/2 


T 0 (t)-Ti 


30 s 


K x 3965 kg / m x 765 J / kg ■ K 


2x2653 W/nr 
(24.57 - 23.00)°C 


“|2 


= 36.0 W/m K 


where 


q 


// 

o 


p 

2a; 


P 15 W 

2(^D 2 / 4) 2(n x 0.060 2 / 4)m 2 


= 2653 W/m 2 . 


With the following properties now known, 

p = 3965 kg/m 3 c p = 765 J/kg-K k = 36 W/m K 

entries in Table A.l are scanned to determine whether these values are typical of a metallic material. 
Consider the following, 

• metallics with low p generally have higher thermal conductivities, 

• specific heats of both types of materials are of similar magnitude, 

• the low k value of the sample is typical of poor metallic conductors which generally have 
much higher specific heats, 

• more than likely, the material is nonmetallic. 


From Table A.2, the second entry, polycrystalline aluminum oxide, has properties at 300 K 
corresponding to those found for the samples. 


< 



PROBLEM 2.20 


KNOWN: Temperature distribution, T(x,y,z), within an infinite, homogeneous body at a given 
instant of time. 

FIND: Regions where the temperature changes with time. 



ASSUMPTIONS: (1) Constant properties of infinite medium and (2) No internal heat generation. 

ANALYSIS: The temperature distribution throughout the medium, at any instant of time, must 
satisfy the heat equation. For the three-dimensional cartesian coordinate system, with constant 
properties and no internal heat generation, the heat equation, Eq. 2.15, has the form 


d 2 T d 2 T o> 2 T_1o>T 
dx 2 dy 2 dz 2 OC dt 

If T(x,y,z) satisfies this relation, conservation of energy is satisfied at every point in the medium. 
Substituting T(x,y,z) into the Eq. (1), first find the gradients, 3T/3x, 3T/3y, and 3T/3z. 


(2x - y) + (~4y - x + 2z) + (2z + 2y) 

dx dy dz 

Performing the differentiations, 

1 o>T 


2-4+2=- 


a dt 


1 d T 
a dt 


Hence, 


d T 

~di 


= 0 


which implies that, at the prescribed instant, the temperature is everywhere independent of time. 

COMMENTS: Since we do not know the initial and boundary conditions, we cannot determine the 
temperature distribution, T(x,y,z), at any future time. We can only determine that, for this special 
instant of time, the temperature will not change. 



PROBLEM 2.21 


KNOWN: Diameter D, thickness L and initial temperature Tj of pan. Heat rate from stove to bottom 
of pan. Convection coefficient h and variation of water temperature Too(t) during Stage 1. 
Temperature Tl of pan surface in contact with water during Stage 2. 

FIND: Form of heat equation and boundary conditions associated with the two stages. 

SCHEMATIC: 


Stage 1 


Too(t), h 

Stage 2 


t < l > = t l T11 11 t 


q 0 


x = L 
x = 0 


ASSUMPTIONS: (1) One-dimensional conduction in pan bottom, (2) Heat transfer from stove is 
uniformly distributed over surface of pan in contact with the stove, (3) Constant properties. 

ANALYSIS: 


Stage 1 

Heat Equation: 

Boundary Conditions: 


3“T _ 1 3T 
dx 2 a dt 



: q G 


x=0 


q Q 



/ 4 


-k 


3T 

dx 


lx=L 


h[T(L,t)-T 00 (t)] 


Initial Condition: T (x, 0) = Tj 

Stage 2 


Heat Equation: 


Boundary Conditions: 


d 2 T 

d? 


■ 0 


-k" 

dx 


=q Q 


x=0 


t(l) = t l 


COMMENTS: Stage 1 is a transient process for which Too(t) must be determined separately. As a 
first approximation, it could be estimated by neglecting changes in thermal energy storage by the pan 
bottom and assuming that all of the heat transferred from the stove acted to increase thermal energy 

storage within the water. Hence, with q ~ Mc p d Too/dt, where M and c p are the mass and specific 
heat of the water in the pan, Too(t) ~ (q/Mc p ) t. 





PROBLEM 2.22 

KNOWN: Steady-state temperature distribution in a cylindrical rod having uniform heat generation 
of qj =5xl0 7 W/m 3 . 

FIND: (a) Steady-state centerline and surface heat transfer rates per unit length, q' r . (b) Initial time 
rate of change of the centerline and surface temperatures in response to a change in the generation rate 
fromqjtoq 2 = 10 8 W/m 3 . 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction in the r direction, (2) Uniform generation, and 
(3) Steady-state for qj = 5x 10^ W / m 3 . 


ANALYSIS: (a) From the rate equations for cylindrical coordinates, 


= -k 


dT 


-kA 


d T 


r di 


Hence, 


q r 


-k(27zrL) 


d T 
dx 


or 

, 077i , dT 

q r = -2mr- 

ox 

where 3T/3r may be evaluated from the prescribed temperature distribution, T(r). 

At r = 0, the gradient is (3T/3r) = 0. Hence, from Eq. (1) the heat rate is 

q'(°) = 0. < 


At r = r Q , the temperature gradient is 


dT 

dx 

dT 

dx 


-2 


r=r n 


r=r„ 


4.167 X lO 0 


K 


m 


(r 0 ) = -2(4.167 x 10 5 )(0.025m) 


=-0.208 xlO 5 K/m. 


Continued 




PROBLEM 2.22(Cont.) 

Hence, the heat rate at the outer surface (r = r Q ) per unit length is 


q' r (r 0 ) = -2;r[30 W / m ■ K](0.025m) 
q; (r 0 ) = 0.980 xlO 5 W/m. 


-0.208 x 10 3 K/m 


(b) Transient (time-dependent) conditions will exist when the generation is changed, and for the 
prescribed assumptions, the temperature is determined by the following form of the heat equation, Eq. 
2.20 


1 d_ 

r dx 


kr 


dT 

dx 


dT 

+q2=pc eJ7 


Hence 


d T 1 

"l 

d 

[kr^l 

+ 02 

o>t pc p 

r 

dx 

r dr \ 


However, initially (at t = 0), the temperature distribution is given by the prescribed form, T(r) = 800 
4.167x10^, and 

1 d_ 

x dx 


, d T 

k d 

r / ,-i 

kr- 


r -8.334 xl0 5 -r 

d x _ 

r dx 

V / 


(-16.668 xl0 5 -r) 


30 W/m-K 
V7 


-16.668xlO 5 K/m 2 


= -5x10' W/ nr (the original q = qj). 


Hence, everywhere in the wall, 


dT 

~di 


1 

1100 kg / m 3 x 800 J / kg ■ K 


-5 xlO 7 +10 8 


W/m 3 


or 

1 rr-i 

— = 56.82 K/s. < 

d t 

COMMENTS: (1) The value of (3T/3t) will decrease with increasing time, until a new steady-state 
condition is reached and once again (3T/3t) = 0. 

(2) By applying the energy conservation requirement, Eq. 1.1 la, to a unit length of the rod for the 
steady-state condition, E- n - E' )Ut + Eg en = 0. Hence q' (0) - q' (r 0 ) = —qj( tet 2 j. 



PROBLEM 2.23 

KNOWN: Temperature distribution in a one-dimensional wall with prescribed thickness and thermal 
conductivity. 

FIND: (a) The heat generation rate, q, in the wall, (b) Heat fluxes at the wall faces and relation to 

q- 

SCHEMATIC: 



k*50)Nlm-K, 

T^-a-hbx 2 - 


L-50vrm 


fT(X) 

< a=Z00°C 
b = -ZQOO°C/y 










ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat flow, (3) Constant 
properties. 

ANALYSIS: (a) The appropriate form of the heat equation for steady-state, one-dimensional 
conditions with constant properties is Eq. 2.15 re-written as 


, d 

q= ‘ k 3! 


dT 

dx 


Substituting the prescribed temperature distribution, 


-k — 
dx 


— (a + bx 2 ) 
dx' ’ 


: -k —f2bxl = -2bk 
dx L J 


q = -2(-2000°C/m 2 )x50W/m K = 2.0xl0 5 W/m 3 . 

(b) The heat fluxes at the wall faces can be evaluated from Fourier’s law, 

q x x =- k ~r~ 

dx 

Using the temperature distribution T(x) to evaluate the gradient, find 
q"(x) = -k — a+bx 2 = -2kbx. 

xV ’ dxL J 

The fluxes at x = 0 and x = L are then 

qx(o) = o 

q" (L) = -2kbL = -2 x 50W / m- k(- 2000°C / m 2 ) x 0.050m 
q"(L) = 10,000 W/m 2 . 

COMMENTS: From an overall energy balance on the wall, it follows that, for a unit area, 
Ein-Eout+Eg =0 q"(0)-q"(L) + qL = 0 

^ = qx(L)-q;(0 ) = 10.000 W/m 2 -0 = 20xl0 5 w/m 3 


L 


0.050m 





PROBLEM 2.24 


KNOWN: Wall thickness, thermal conductivity, temperature distribution, and fluid temperature. 

FIND: (a) Surface heat rates and rate of change of wall energy storage per unit area, and (b) 
Convection coefficient. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction in x, (2) Constant k. 
ANALYSIS: (a) From Fourier’s law, 

rp 

q"=—k — = (200-60x)k 
°C W 

q" = q" 0 = 200— X1— = 200 W / nr 
m m- K 

q" t =q" L = (200-60x0.3)°C/m x 1 W/m-K = 182 W/m 2 . 


Applying an energy balance to a control volume about the wall, Eq. 1.11a, 

^in ^out .st 

Est=qm-qout= 18 W/m 2 . 

(b) Applying a surface energy balance at x = L, 
q«=h[T(L)-T„] 

h q;, 182 W / m 2 

T(L)-T„ (142.7-100)° C 

h = 4.3 W/m 2 K. 

COMMENTS: (1) From the heat equation, 

0T/3t) = (k/pcp) d 2 T/dx 2 = 60(k/pc p ), 
it follows that the temperature is increasing with time at every point in the wall. 
(2) The value of h is small and is typical of free convection in a gas. 


< 

< 

< 


< 




PROBLEM 2.25 


KNOWN: Analytical expression for the steady-state temperature distribution of a plane wall 
experiencing uniform volumetric heat generation q while convection occurs at both of its surfaces. 

FIND: (a) Sketch the temperature distribution, T(x), and identify significant physical features, (b) 
Determine q , (c) Determine the surface heat fluxes, q” (-L) and q* (+L); how are these fluxes 
related to the generation rate; (d) Calculate the convection coefficients at the surfaces x = L and x = 
+L, (e) Obtain an expression for the heat flux distribution, q* (x); explain significant features of the 
distribution; (f) If the source of heat generation is suddenly deactivated (q = 0), what is the rate of 
change of energy stored at this instant; (g) Determine the temperature that the wall will reach 
eventually with q = 0; determine the energy that must be removed by the fluid per unit area of the wall 
to reach this state. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform volumetric heat generation, (3) Constant 
properties. 

ANALYSIS: (a) Using the analytical expression in the Workspace of IHT, the temperature 
distribution appears as shown below. The significant features include (1) parabolic shape, (2) 
maximum does not occur at the mid-plane, T(-5.25 mm) = 83.3°C, (3) the gradient at the x = +L 
surface is greater than at x = -L. Find also that T(-L) = 78.2°C and T(+L) = 69.8°C for use in part (d). 


Temperature distribution 



x-coordinate, x(mm) 


(b) Substituting the temperature distribution expression into the appropriate form of the heat diffusion 
equation, Eq. 2.15, the rate of volumetric heat generation can be determined. 


dx 


dT 

dx 


+ ^ = 0 


where 


T(x) = a + bx + cx^ 


— (0 + b + 2cx) + — = (0 + 2c) + — : 
dx k k 


■ 0 


Continued 















PROBLEM 2.25 (Cont.) 

The distribution is linear with the x-coordinate. The maximum temperature will occur at the location 
where q x (x max ) = 0, 


x max — 


1050W/m 2 
2xl0 5 W/m 3 


-5.25x10 3 m = -5.25mm 


< 


(f) If the source of the heat generation is suddenly deactivated so that q = 0, the appropriate form of 
the heat diffusion equation for the ensuing transient conduction is 

a ot 


k — 
Ox 


Ox 


= pCp aT 


At the instant this occurs, the temperature distribution is still T(x) = a + bx + cx . The right-hand term 
represents the rate of energy storage per unit volume. 


E' t = k — [0 + b + 2cx] = k [0 + 2c] = 5 W / m • K x 2 (-2 x 10 4o C / m 2 ) = -2 
dx ' ' 


xl0 5 W/m 3 < 


(g) With no heat generation, the wall will eventually (t —> °°) come to equilibrium with the fluid, 

T(x,°o) = Too = 20°C. To determine the energy that must be removed from the wall to reach this state, 
apply the conservation of energy requirement over an interval basis, Eq. 1.11b. The “initial” state is 
that corresponding to the steady-state temperature distribution, Tj, and the “final” state has Tf = 20°C. 
We’ve used Too as the reference condition for the energy terms. 

Efn - E'ut = AEs t = Ef - Ef with Ef n = 0. 


Bout — P c p 2L(Tf P c p f _l (^i Eoo)dx 


Eout = P c pJ + p a+bx + cx 2 -Ex, dx = pc p ax+ bx 2 /2 + cx 3 /3-TooX 


n +L 


-L 


2aL + 0 + 2cx / 3 - 2TooL 


Bout ~ P c p 

i_ 

Eo Ut = 2600 kg / m 3 x 800 J / kg • K 


2x82°Cx0.020m + 2(-2xl0 4o C/m 2 ) 


(0.020m ) J /3-2(20°C)0.020m 


Bout = 4.94x10^ J / m 2 < 

COMMENTS: (1) In part (a), note that the temperature gradient is larger at x = + L than at x 
= - L. This is consistent with the results of part (c) in which the conduction heat fluxes are 
evaluated. 


Continued 




PROBLEM 2.25 (Cont.) 

(2) In evaluating the conduction heat fluxes, q" x (x), it is important to recognize that this flux 

is in the positive x-direction. See how this convention is used in formulating the energy 
balance in part (c). 

(3) It is good practice to represent energy balances with a schematic, clearly defining the 
system or surface, showing the CV or CS with dashed lines, and labeling the processes. 
Review again the features in the schematics for the energy balances of parts (c & d). 

(4) Re-writing the heat diffusion equation introduced in part (b) as 




recognize that the term in parenthesis is the heat flux. From the differential equation, note 
that if the differential of this term is a constant (q/k), then the term must be a linear function 
of the x-coordinate. This agrees with the analysis of part (e). 

(5) In part (f), we evaluated E st , the rate of energy change stored in the wall at the instant the 

volumetric heat generation was deactivated. Did you notice that E st = -2x10 W/m is the 
same value of the deactivated q ? How do you explain this? 



PROBLEM 2.26 


KNOWN: Steady-state conduction with uniform internal energy generation in a plane wall; 
temperature distribution has quadratic form. Surface at x=0 is prescribed and boundary at x = L is 
insulated. 


FIND: (a) Calculate the internal energy generation rate, q , by applying an overall energy balance to 
the wall, (b) Determine the coefficients a, b, and c, by applying the boundary conditions to the 
prescribed form of the temperature distribution; plot the temperature distribution and label as Case 1, 
(c) Determine new values for a, b, and c for conditions when the convection coefficient is halved, and 
the generation rate remains unchanged; plot the temperature distribution and label as Case 2; (d) 
Determine new values for a, b, and c for conditions when the generation rate is doubled, and the 

2 

convection coefficient remains unchanged (h = 500 W/m K); plot the temperature distribution and 
label as Case 3. 


SCHEMATIC: 


T(x) = a + bx + cx 2 
k = 5 W/m-K, q 

T(0) = T o = 120°C 


Too=20°C 
h = 500 W/m 2 -K 




Insulated 

boundary 


L = 50 mm 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction with constant 
properties and uniform internal generation, and (3) Boundary at x = L is adiabatic. 

ANALYSIS: (a) The internal energy generation rate can be calculated from an overall energy balance 
on the wall as shown in the schematic below. 

Ejn — E out + Eg en = 0 where Ej n = q conv 

h(T oo -T o ) + qL = 0 (1) 

q = -h(T oo -T o )/L = -500W/m 2 K(20-120)°C/0.050 m = l.OxlO 6 W/m 3 < 

T 0 



x L 

(a) Overall energy balance 



x = L 


2 

(b) The coefficients of the temperature distribution, T(x) = a + bx + cx , can be evaluated by applying 
the boundary conditions at x = 0 and x = L. See Table 2.1 for representation of the boundary 
conditions, and the schematic above for the relevant surface energy balances. 


Boundary condition at x = 0, convection surface condition 

^in - E ou t = q CO nv - ^x (0) = 0 where 


q x (°) = —k ~j 

dx 


\ 

Jx=0 


h(T„-T 0 ) 


-k (0 + b + 2cx ) x _q 


= 0 


Continued 







PROBLEM 2.26 (Cont.) 


b = -h(T oo -T o )/k = -500W/m 2 K(20-120)°C/5W/mK = 1.0xl0 4 K/m < 

Boundary condition at x = L, adiabatic or insulated surface 


Ein -E ou t = -q'x (L) = 0 where q" (L) = -k — 

dx 

k [0 + b + 2cx] x _^ = 0 

c = -b/2L = -1.0xl0 4 K/m/(2x0.050m) = -1.0xl0 5 K/m 


\ 

yx=L 


2 


(3) 

< 


Since the surface temperature at x = 0 is known, T(0) = T 0 = 120°C, find 

T (0) = 120°C = a + b 0 + c- 0 or a = 120°C (4) < 

Using the foregoing coefficients with the expression for T(x) in the Workspace of IHT, the 
temperature distribution can be determined and is plotted as Case 1 in the graph below. 

2 6 

(c) Consider Case 2 when the convection coefficient is halved, h 2 = h/2 = 250 W/m“K, q = 1x10 

3 

W/m and other parameters remain unchanged except that T 0 =£ 120°C. We can determine a, b, and c 
for the temperature distribution expression by repeating the analyses of parts (a) and (b). 

Overall energy balance on the wall, see Eqs. (1,4) 

a = T 0 =qL/h + T 00 = lxlO 6 W/m 3 x0.050m/250W/m 2 ■ K +20°C = 220°C < 

Surface energy balance at x = 0, see Eq. (2) 

b = -h(T oo -T o )/k = -250W/m 2 K(20-220)°C/5W/m K = 1.0xl0 4 K/m < 

Surface energy balance at x = L, see Eq. (3) 

c = -b/2L = -1.0xl0 4 K/m/(2x0.050m) = -1.0xl0 5 K/m 2 < 


The new temperature distribution, T 2 (x), is plotted as Case 2 below. 

(d) Consider Case 3 when the internal energy volumetric generation rate is doubled, 

6 3 2 

q 3 = 2q = 2x10 W / m , h = 500 W/m“K, and other parameters remain unchanged except that 
T 0 yt 120°C. Following the same analysis as part (c), the coefficients for the new temperature 
distribution, T (x), are 

a = 220°C b = 2xl0 4 K/m c = -2xl0 5 K/m 2 < 

and the distribution is plotted as Case 3 below. 


Continued 




PROBLEM 2.26 (Cont.) 



Wall position, x (m m) 

- 1. h = 500 W/m n 2.K, qdot = 1 e6 W/m A 3 

—•— 2. h = 250 W/m n 2.K. qdot = 1 e6 W/m A 3 
—*— 3. h = 500 W/m A 2.K, qdot = 2e6 W/m A 3 

COMMENTS: Note the following features in the family of temperature distributions plotted above. 
The temperature gradients at x = L are zero since the boundary is insulated (adiabatic) for all cases. 
The shapes of the distributions are all quadratic, with the maximum temperatures at the insulated 
boundary. 

By halving the convection coefficient for Case 2, we expect the surface temperature T 0 to increase 
relative to the Case 1 value, since the same heat flux is removed from the wall (qL) but the 
convection resistance has increased. 

By doubling the generation rate for Case 3, we expect the surface temperature T 0 to increase relative 
to the Case 1 value, since double the amount of heat flux is removed from the wall (2qL). 


Can you explain why T 0 is the same for Cases 2 and 3, yet the insulated boundary temperatures are 
quite different? Can you explain the relative magnitudes of T(L) for the three cases? 




PROBLEM 2.27 


KNOWN: Temperature distribution and distribution of heat generation in central layer of a solar 
pond. 

FIND: (a) Heat fluxes at lower and upper surfaces of the central layer, (b) Whether conditions are 
steady or transient, (c) Rate of thermal energy generation for the entire central layer. 



ASSUMPTIONS: (1) Central layer is stagnant, (2) One-dimensional conduction, (3) Constant 
properties 

ANALYSIS: (a) The desired fluxes correspond to conduction fluxes in the central layer at the lower 
and upper surfaces. A general form for the conduction flux is 

qc'o„d=-k^ = -krAe-“ + B . 
dx |_ka 

Hence, 

qf=q»„d(x=L)=- k [^ e ' aL+B ] qi'=q»nd(x=o)=- k [^+ B | < 

(b) Conditions are steady if dT/dt = 0. Applying the heat equation, 

+ i = .A e -ax + A e -ax = I^T 

dx 2 k a dt k k ad t 

Hence conditions are steady since 

3T/3t = 0 (for all 0 < x < L). < 

(c) For the central layer, the energy generation is 

E g = j ( /l dx = A j ( ^ C " aX dx 

= - —(e‘ aL -l) = —(l-e‘ aL ). < 

a v ; a v ' 

Alternatively, from an overall energy balance, 

qS-qf+Eg =o fig = q r-qJ=(-q»„d ( x=o))-(-qco„d(x=L)) 




COMMENTS: Conduction is in the negative x-direction, necessitating use of minus signs in the 
above energy balance. 







PROBLEM 2.28 


KNOWN: Temperature distribution in a semi-transparent medium subjected to radiative flux. 

FIND: (a) Expressions for the heat flux at the front and rear surfaces, (b) Heat generation rate q(x), 
(c) Expression for absorbed radiation per unit surface area in terms of A, a, B, C, L, and k. 

SCHEMATIC: 


i?;< o) 


\laser irradiation 


l X 


■?x« 


Semitransparent medium ) 

m=-£ z e-** + Bx + C 

\-L 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in medium, (3) 
Constant properties, (4) All laser irradiation is absorbed and can be characterized by an internal 
volumetric heat generation term q(x). 

ANALYSIS: (a) Knowing the temperature distribution, the surface heat fluxes are found using 
Fourier’s law, 

q'x = “ k [T-l = “ k |"- A (“ a ) e ‘" B 
LdxJ L ka 2 


Front Surface, x=0: 


Rear Surface, x-L: 


q"(0) = -k +— 1 + B = - — + kB 
ka a 


q"(L) = -k + —e' aL + B =- —e _aL +kB 


(b) The heat diffusion equation for the medium is 

d fdT^\ q . , d (dT 

- + — = 0 or q = -k - 

dx v dx ) k dx v dx 

q(x) = —k —T+ — e‘ ax + b 1 = Ae‘ ax . 
w dxL ka 

(c) Performing an energy balance on the medium, 

^in — L out + Eg = 0 


recognize that E„ represents the absorbed irradiation. On a unit area basis 
Eg =-E"„+E"„t =-q'a0)+q"(L) = +4(l-e- aL ). 
Alternatively, evaluate E" by integration over the volume of the medium. 


Ar 

nL 

e" ax 

> 

i 

~ 

— 

= — r-e . 

a - 

Jo 

a k ' 






PROBLEM 2.29 


KNOWN: Steady-state temperature distribution in a one-dimensional wall of thermal 

3 2 

conductivity, T(x) = Ax + Bx + Cx + D. 


FIND: Expressions for the heat generation rate in the wall and the heat fluxes at the two wall 
faces (x = 0,L). 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat flow, (3) 
Homogeneous medium. 

ANALYSIS: The appropriate form of the heat diffusion equation for these conditions is 


^4=o 


or 


dx^ k 
Hence, the generation rate is 


-k 


d 2 T 

^7' 


q = 



~dT 

d 


= -k — 

3 Ax 2 +2Bx + C + 0 

_dx_ 

dx 

■ 


q = -k[6Ax + 2B] 


< 


which is linear with the coordinate x. The heat fluxes at the wall faces can be evaluated from 
Fourier’s law, 


-k^-k 

dx 


3Ax“ + 2Bx + C 


using the expression for the temperature gradient derived above. Hence, the heat fluxes are: 
Surface x=0: 


q"(0) = -kC 
Surface x-L: 


qx( L ) = - k 


3AL Z +2BL +C 


COMMENTS: (1) From an overall energy balance on the wall, find 

0 


E"-E^ t +E 


q"(0)-q"(L) + E" = (-kC)-(-k) 


E" = -3AkL“ - 2BkF. 


3AL~ +2BL + C 


+ Eg = 0 


From integration of the volumetric heat rate, we can also find E" as 

1 L 

c 

Jo 


E" = J q(x)dx = -k[6Ax + 2B]dx = -k 


r L 

Jo 


3Ax“ +2Bx 


E" = -3AkL" - 2BkL. 


< 


< 



PROBLEM 2.30 


KNOWN: Plane wall with no internal energy generation. 

FIND: Determine whether the prescribed temperature distribution is possible; explain your 
reasoning. With the temperatures T(0) = 0°C and = 20°C fixed, compute and plot the 
temperature T(L) as a function of the convection coefficient for the range 10 < h < 100 W/m K. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction, (2) No internal energy generation, (3) Constant 
properties, (4) No radiation exchange at the surface x = L, and (5) Steady-state conditions. 

ANALYSIS: (a) Is the prescribed temperature distribution possible? If so, the energy balance at the 
surface x = L as shown above in the Schematic, must be satisfied. 

E in -E out ? = ?0 Ox (L) — Ocv ? = ?0 (1 

where the conduction and convection heat fluxes are, respectively, 

v dT A T(L)-T(0) / 2 

q x (L) = -k— =-k——- = -4.5W/m-Kx(120-0) C/0.18m =-3000 W/ni 

dx J X=L L 

Ocv = h [ T (L) - T oo ] = 30 w/m 2 • Kx (120 - 20)° C = 3000 w/m 2 

Substituting the heat flux values into Eq. (2), find (-3000) - (3000) =£ 0 and therefore, the temperature 
distribution is not possible. 


(b) With T(0) = 0°C and T^ = 20°C, the temperature at the surface x = L, T(L), can be determined 
from an overall energy balance on the wall as shown above in the Schematic, 


Ein E out 0 


Ox (°) — Ocv =0 


_ k T (L) T (°) _ h [ T ( L )_ Too ] = Q 


-4.5W/m-K T(L)-0°C 


/0.18m-30W/m“ -K 


T(L)-20°C 


= 0 


T(L) = 10.9°C 

Using this same analysis, T(L) as a function of 
the convection coefficient can be determined 
and plotted. We don’t expect T(L) to be 
linearly dependent upon h. Note that as h 
increases to larger values, T(L) approaches 
T^. To what value will T(L) approach as h 
decreases? 



Convection cofficient, h (W/m A 2.K) 























PROBLEM 2.31 


KNOWN: Coal pile of prescribed depth experiencing uniform volumetric generation with 
convection, absorbed irradiation and emission on its upper surface. 

FIND: (a) The appropriate form of the heat diffusion equation (HDE) and whether the prescribed 
temperature distribution satisfies this HDE; conditions at the bottom of the pile, x = 0; sketch of the 
temperature distribution with labeling of key features; (b) Expression for the conduction heat rate at 
the location x = L; expression for the surface temperature T s based upon a surface energy balance at x 
= L; evaluate T s and T(0) for the prescribed conditions; (c) Based upon typical daily averages for Gs 

and h, compute and plot T s and T(0) for (1) h = 5 W/m 2 K with 50 < Gs < 500 W/m 2 , (2) Gs = 400 
W/m 2 with 5 < h < 50 W/m 2 K. 

SCHEMATIC: 


e = 0.95 


Coal, k 
q = 20 W/m 3 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Uniform volumetric heat generation, (3) 
Constant properties, (4) Negligible irradiation from the surroundings, and (5) Steady-state conditions. 

PROPERTIES: Table A.3, Coal (300K): k = 0.26 W/m.K 




ANALYSIS: (a) For one-dimensional, steady-state conduction with uniform volumetric heat 
generation and constant properties the heat diffusion equation (HDE) follows from Eq. 2.16, 


_d_[ dT 
dx dx 



Substituting the temperature distribution into the HDE, Eq. (1), 


t(x) = t s+ ^ 


— 0 + 


0-— + —? = ?o 


( 1 )< 

(2,3) 



Continued... 





























PROBLEM 2.31 (Cont.) 

From a surface energy balance per unit area shown in the Schematic above, 


Ejn E out + Eg — 0 


9x (L) 9cv + Gs,abs E-0 


qL - h (T s -T co ) + 0.95G S - £crT s 4 = 0 


( 4 ) 


20 W/in Xlm-5 W/m 2 -K(T s -298 K) + 0.95x400 W/nC- 0.95x5.67x10 u W/nC-K’T^ =0 


T s = 295.7 K =22.7°C 


From Eq. (2) with x = 0, find 


, x qL 2 o 30W/m 2 x(lm) 2 0 

T(0) = T s +—— = 22.7 C +-----— = 61.1 C 

w s 2k 2x0.26W/mK 


(5)< 


where the thermal conductivity for coal was obtained from Table A. 3. 

2 

(c) Two plots are generated using Eq. (4) and (5) for T s and T(0), respectively; (1) with h = 5 W/m”K 
for 50 < G s < 500 W/m 2 and (2) with G s = 400 W/m 2 for 5 < h < 50 W/m 2 K. 


Solar irradiation, GS = 400 W/m A 2 


Convection coefficient, h = 5 W/m A 2.K 




Convection coefficient, h (W/m A 2.K) 


- T0_C 

—Ts_C 


- T0_C 

Ts_C 


2 

From the T vs. h plot with Gs = 400 W/m”, note that the convection coefficient does not have a major 
influence on the surface or bottom coal pile temperatures. From the T vs. Gs plot with h = 5 W/m”K, 
note that the solar irradiation has a very significant effect on the temperatures. The fact that T s is less 
than the ambient air temperature, Xx,, and, in the case of very low values of Gs, below freezing, is a 
consequence of the large magnitude of the emissive power E. 

COMMENTS: In our analysis we ignored irradiation from the sky, an environmental radiation effect 
you’ll consider in Chapter 12. Treated as large isothermal surroundings, G s k y = (TT^. where T sky = - 

30°C for very clear conditions and nearly air temperature for cloudy conditions. For low Gs 
conditions we should consider G s k y , the effect of which will be to predict higher values for t s and 

T(0). 





PROBLEM 2.32 


KNOWN: Cylindrical system with negligible temperature variation in the r,z directions. 


FIND: (a) Heat equation beginning with a properly defined control volume, (b) Temperature 
distribution T((f>) for steady-state conditions with no internal heat generation and constant properties, 
(c) Heat rate for Part (b) conditions. 


SCHEMATIC: 


Insulation 



A r = r 0 -r-, 


r ' X d* 


y y\ 


ASSUMPTIONS: (1) T is independent of r,z, (2) Ar = (r n - r,j « r,. 


ANALYSIS: (a) Define the control volume as V = pd^-Ar-L where L is length normal to page. 
Apply the conservation of energy requirement, Eq. 1.11a, 

d T 

Ejn — E ou t + Eg — E st qp — q^+d^ qV — PVc — - (1>2) 


where 


qp =-k(Ar-L)- 


q^+d <i> -q </)+- 


Eqs. (3) and (4) follow from Fourier’s law, Eq. 2.1, and from Eq. 2.7, respectively. Combining Eqs. 
(3) and (4) with Eq. (2) and canceling like terms, find 


1 d (, <9T 


j-A k j*n =pc y 

Since temperature is independent of r and z, this form agrees with Eq. 2.20. 
(b) For steady-state conditions with q = 0, the heat equation, (5), becomes 

—[k—1 = 0. 

d0 d0 


(5)< 


With constant properties, it follows that dT/d(f) is constant which implies T(<f>) is linear in (f). That is, 

or TW = T 1 +4(T 2 -T 1 )f (7,8) < 

d(p (p2 ~(pI 7Z 71 

(c) The heat rate for the conditions of Part (b) follows from Fourier’s law, Eq. (3), using the 
temperature gradient of Eq. (7). That is, 

q^=-k(ArL)4i+2(T 2 -T 1 )l = -k l(T 2 -T,). (9) < 

r rj L K J KX ■ 

COMMENTS: Note the expression for the temperature gradient in Fourier’s law, Eq. (3), is 

dT/ri3(f> not 3T/d(f). For the conditions of Parts (b) and (c), note that qq is independent of (|>; 
this is first indicated by Eq. (6) and confirmed by Eq. (9). 



PROBLEM 2.33 


KNOWN: Heat diffusion with internal heat generation for one-dimensional cylindrical, 
radial coordinate system. 

FIND: Heat diffusion equation. 


SCHEMATIC: 



ASSUMPTIONS: (1) Homogeneous medium. 

ANALYSIS: Control volume has volume, V = A r ■ dr = 2m ■ dr • 1, with unit thickness 
normal to page. Using the conservation of energy requirement, Eq. 1.11a, 


Ein Eout + E gen E st 

dT 

qr-qr+dr+q V = P Vc p^- 

Fourier’s law, Eq. 2.1, for this one-dimensional coordinate system is 

, A dT - . dT 

q r = -kA r —— = -k x 2m ■ 1 x ——. 

dr or 


At the outer surface, r+dr, the conduction rate is 


q r +dr = q r +(q r ) dr =q r + 

d r dr 


-k ■ 2;rr 


d T 
d r 


dr. 


Hence, the energy balance becomes 



d 

' „ d T~ 


q r - 

q r +^ 

d r 

-k2?rr- 

d r _ 

dr 


. „ , „ , d T 

+ q ■ 2^rdr=p ■ 2^rdr ■ c p - 

v d t 


Dividing by the factor 2jir dr, we obtain 


ld_ 

r d r 


kr 


d T 


d T 

+«> c pyp 


< 


COMMENTS: (1) Note how the result compares with Eq. 2.20 when the terms for the (f>,z 
coordinates are eliminated. (2) Recognize that we did not require q and k to be independent 
of r. 



PROBLEM 2.34 

KNOWN: Heat diffusion with internal heat generation for one-dimensional spherical, radial 
coordinate system. 

FIND: Heat diffusion equation. 

SCHEMATIC: 

dr 


I. - ^r+di- 



ASSUMPTIONS: (1) Homogeneous medium. 

2 

ANALYSIS: Control volume has the volume, V = A r ■ dr = Anr dr. Using the conservation 
of energy requirement, Eq. 1.11a, 

^in ~ Eout + E gen — E st 

dT 

Ar “ q r +dr + qV = pVCp —. 

Fourier’s law, Eq. 2.1, for this coordinate system has the form 

. . dT , A 2 dT 
q r = —kA r —— = —k■ Am . 


At the outer surface, r+dr, the conduction rate is 

4r+dr =q r +T _ (qr) dr = qr +T“ _ k■ Anr" ■ 
d r dr 


2 d T 
d r 


Hence, the energy balance becomes 

d [ , , 2 d T 

q r - q r +^— k 4 ^ r 


, . . 2. . 2. d T 

dr + q ■ Anr dr=p ■ Anr dr ■ c p - 

F d t 


2 

Dividing by the factor Am"dr, we obtain 

1 d ^d Tl . d T . 

?j7r 77j +q=pc pyr- < 

COMMENTS: (1) Note how the result compares with Eq. 2.23 when the terms for the 9,(f> 
directions are eliminated. 


(2) Recognize that we did not require q and k to be independent of the coordinate r. 



PROBLEM 2.35 

KNOWN: Three-dimensional system - described by cylindrical coordinates (r,(]),z) - 
experiences transient conduction and internal heat generation. 

FIND: Heat diffusion equation. 

SCHEMATIC: See also Fig. 2.9. 



ASSUMPTIONS: (1) Homogeneous medium. 

ANALYSIS: Consider the differential control volume identified above having a volume 
given as V = dr-rd(|) dz. From the conservation of energy requirement, 

9r — 9r+dr 9^ — 90+d0 9z — 9z+dz Eg — ^st • (1) 

The generation and storage terms, both representing volumetric phenomena, are 

Eg = qV = q(dr • rd^» • dz) E g = pVcdT/ dt = p(dr rd(/» dz)c dT/ d t. (2,3) 

Using a Taylor series expansion, we can write 

qr+dr=qr+^;(qr) dr > 90+d0 = 90 + 9z+dz = 9z + ^(9z) dz - ( 4 >5.6) 

Using Fourier’s law, the expressions for the conduction heat rates are 

q r =-kA r <9T/<9r =-k(rd0dz)<9T/<9r (7) 

q^ = -kA^d T / r d(j) = -k(dr ■ dz)<9 T / r d(j) (8) 

q z = -kA z d T / d z = -k(dr • rd(/))d T / d z. (9) 

Note from the above, right schematic that the gradient in the ^-direction is OT/irk) and not 
3T/3(|). Substituting Eqs. (2), (3) and (4), (5), (6) into Eq. (1), 

d d d dT 

-^-(q r ) dr - -rrfqq W “ E“(9z) dz + q dr • rd(j) • dz = p(dr • rd(j) • dz)c—. (10) 

d r d(p x dz dt 

Substituting Eqs. (7), (8) and (9) for the conduction rates, find 

-2p- -k(rd^ dz)^- dr-^— -k(drdz)-^- d-k(dr-rd^)-^- dz 


-l-q dr • rd(/) ■ dz = p(dr • rd(/) ■ dz)c ——. 

dt 

Dividing Eq. (11) by the volume of the CV, Eq. 2.20 is obtained. 
1 d f, (9T1 1 d f. d t! d <9Tl . dT 


kr —— +—— k—— +— k —— + q = pc —— 
r<9rL dr \ d(f) d(j) dz\_ dz] dt 





PROBLEM 2.36 


KNOWN: Three-dimensional system - described by cylindrical coordinates (r,(f).0) - experiences 
transient conduction and internal heat generation. 

FIND: Heat diffusion equation. 

SCHEMATIC: See Figure 2.10. 

ASSUMPTIONS: (1) Homogeneous medium. 

ANALYSIS: The differential control volume is V = drrsin0d(|)rd0, and the conduction terms are 
identified in Figure 2.10. Conservation of energy requires 

Or “Or+dr +c lp _c lp+dp +c l 6 -c l0+d0 + E g = E st- (1) 

The generation and storage terms, both representing volumetric phenomena, are 

A rp A rn 

Eg =qV = q[dr-r sin0d0 rd0] E st = pVc-^—= p[dr-r sin0d^> -rd0]c-^—. (2,3) 


Using a Taylor series expansion, we can write 

q r +dr = qr+£:(qr)du qp+d^q^+^K)#’ qe+dd = q0 + ^(qe) d0 - 

From Fourier’s law, the conduction heat rates have the following forms. 
q r = -kA r <9 T / d r = -k[r sin0d0 • rd0p T / d r 

q^ = -kA^d T / r sin 0d(/) = -k[dr • rd 0\d Tlx sin 0d(f> 

q q = -kAgd T / xdd = -k[dr • r sindd^jd T / r d6. 

Substituting Eqs. (2), (3) and (4), (5), (6) into Eq. (1), the energy balance becomes 

AAA Arp 

-(q r )dr-fq^d^ - —— (qp)d0 + q[dr r sinfiti^rdd] = p[dr • r sinfld^ • rdd]c —— 

dr d ^ du d t 

Substituting Eqs. (7), (8) and (9) for the conduction rates, find 


d 

de 


A 'T' 

-k[r sin0d0 rd0l- 

dr 


Idr-f 
d(f) 


-k[drrdd] 


dT 


r sinddd 


d0 


d 

c)6 


-k[dr • r sin0d0] 


dT 

xdd 


d T 

d 0 + q[dr • r sin0d^» ■ rd0l = p[dr • r sin0d0 • rddlc- 

d t 


Dividing Eq. (11) by the volume of the control volume, V, Eq. 2.23 is obtained. 


J_ d_ 

r 2 dx 


kr’ 


dT 


+ - 


1 


r 2 sin 2 0 <?</> 


dT 
d (j) 


+ 


1 


r 2 sin0 d0 


k sin0 


dT 

Jo 


dT 

+ q = p C -. 


(4,5,6) 

(7) 

( 8 ) 

(9) 

( 10 ) 


( 11 ) 


< 


COMMENTS: Note how the temperature gradients in Eqs. (7) - (9) are formulated. The numerator 
is always dT while the denominator is the dimension of the control volume in the specified coordinate 
direction. 



PROBLEM 2.37 

KNOWN: Temperature distribution in steam pipe insulation. 

FIND: Whether conditions are steady-state or transient. Manner in which heat flux and heat rate 
vary with radius. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction in r, (2) Constant properties. 
ANALYSIS: From Equation 2.20, the heat equation reduces to 

_ - 1 dT 
v dr j ad t 


1 d f dT] 

r 


r dr 

Substituting for T(r), 


J-c?T _ }__d_f Q ^ 
ad t r dr \ r j 


0 . 


Hence, steady-state conditions exist. 

From Equation 2.19, the radial component of the heat flux is 


-k 


d T 


-kW 

r 


Hence, q" decreases with increasing r(q"C£l/r). 
At any radial location, the heat rate is 
q r = 2raLq" = ^TZkQL 


< 


< 


Hence, q r is independent of r. < 

COMMENTS: The requirement that q r is invariant with r is consistent with the energy conservation 

requirement. If q r is constant, the flux must vary inversely with the area perpendicular to the direction 
of heat flow. Hence, c\" varies inversely with r. 



PROBLEM 2.38 


KNOWN: Inner and outer radii and surface temperatures of a long circular tube with internal energy 
generation. 


FIND: Conditions for which a linear radial temperature distribution may be maintained. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Constant properties. 


ANALYSIS: For the assumed conditions, Eq. 2.20 reduces to 


k d_ 
r dr 


f 

r 

v 


dT 

dr" 


\ 

+ q = 0 

> 


If q = 0 or q = constant, it is clearly impossible to have a linear radial temperature distribution. 
However, we may use the heat equation to infer a special form of q (r) for which dT/dr is a constant (call 
it Ci). It follows that 


“(rC,)+q=0 

r dr 


where Ci = (T 2 - Ti)/(r 2 - ri). Hence, if the generation rate varies inversely with radial location, the radial 
temperature distribution is linear. 

COMMENTS: Conditions for which q °< (1/r) would be unusual. 
























PROBLEM 2.39 


KNOWN: Radii and thermal conductivity of conducting rod and cladding material. Volumetric rate 
of thermal energy generation in the rod. Convection conditions at outer surface. 


FIND: Heat equations and boundary conditions for rod and cladding. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in r, (3) Constant 
properties. 

ANALYSIS: From Equation 2.20, the appropriate forms of the heat equation are 
Conducting Rod: 


k r d ( 
r dr ^ 

Cladding: 


dT r 

dt 


+ q = 0 


< 


dr 


dT.. 
r— k 
V dr 


0 . 


Appropriate boundary conditions are: 


< 


(a) 

dT r / drl r=0 = 0 

< 

(b) 

£ 

II 

< 


dT, dT, 


(c) 

V r 1 — V ci 

r dr ri c dr ri 

< 

(d) 

kc ^ L| r 0 = h [Tc(r„)-T„] 

< 


COMMENTS: Condition (a) corresponds to symmetry at the centerline, while the interface 

conditions at r = rj (b,c) correspond to requirements of thermal equilibrium and conservation of 
energy. Condition (d) results from conservation of energy at the outer surface. 



PROBLEM 2.40 


KNOWN: Steady-state temperature distribution for hollow cylindrical solid with volumetric heat 
generation. 


FIND: (a) Determine the inner radius of the cylinder, q, (b) Obtain an expression for the volumetric 
rate of heat generation, q, (c) Determine the axial distribution of the heat flux at the outer surface, 

(r 0 , z), and the heat rate at this outer surface; is the heat rate in or out of the cylinder; (d) 
Determine the radial distribution of the heat flux at the end faces of the cylinder, q z (r,+z 0 ) and 
q z (r,-z 0 ) , and the corresponding heat rates; are the heat rates in or out of the cylinder; (e) 

Determine the relationship of the surface heat rates to the heat generation rate; is an overall energy 
balance satisfied? 


SCHEMATIC: 



T(r,z) = a + br 2 + cln(r) + dz 2 r(m), z(m) 

a = 20°C c =-12°C 
b = 150°C/m 2 d = -300°C/m 2 

k = 16 W/m-K 


ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction with constant 
properties and volumetric heat generation. 


ANALYSIS: (a) Since the inner boundary, r = q, is adiabatic, then (rj, z) = 0. Hence the 
temperature gradient in the r-direction must be zero. 

r)T 

' :0 + 2br 1 +c/r 1 +0 = 0 


0r 




r r = + 


' cA 1/2 ( 


2b 


-12°C 


d/2 


2xl50°C/m" 


= 0.2 m 


(b) To determine q, substitute the temperature distribution into the heat diffusion equation, Eq. 2.20, 
for two-dimensional (r,z), steady-state conduction 


1 0 ( 0T ^ 3 ( 0T ^ 


r 0r 

i a 


r — 
v f> ? 


+ — 
0Z 


v a z j 


+ ^=o 


(r[0 + 2br + c/r + 0]) + — (0 + 0 + 0 + 2dz) + ^- = 0 

- [4br + 0] + 2d + -3- = 0 

r k 

q = -k [4b - 2d] = -16 W / m ■ K 4x 150°C / m 2 - 2 (-300°C / m 2 ) 

q = 0W/m 3 < 

(c) The heat flux and the heat rate at the outer surface, r = r G , may be calculated using Fourier’s law. 
Note that the sign of the heat flux in the positive r-direction is negative, and hence the heat flow is into 
the cylinder. 

q^(r 0 z) = —k—1 =-k [0+2br 0 +c/r 0 +0] 


Or 


K 


Continued 






PROBLEM 2.40 (Cont.) 


q” (r 0 z) = -16W/m-K 
qr( r o) = A r q^( r o, z ) 


2xl50°C/m xl m —12°C/1 m 


= -4608 W/m 


where 


A r = 2?rr o ( 2z o ) 


q r (r 0 ) = -4^xl mx2.5 mx4608W/m 2 =-144,765W < 

(d) The heat fluxes and the heat rates at end faces, z = + z G and - z 0 , may be calculated using Fourier’s 
law. The direction of the heat rate in or out of the end face is determined by the sign of the heat flux in 
the positive z-direction. 


At the upper end face, z = + z G : heat rate is out of the cylinder 

3T A 

q z (r,+z Q ) = -k— I =-k[0 + 0 +0+2dz 0 ] 
dz 


7z n 


q" z (r, +z 0 ) = -16 W / m • K x 2 ^-300°C / m 2 j 2.5 m =+24, 

q z ( +z o) = A z q z ( r - +z o) where 

q z (+z Q ) = n - 0.2 2 j m 2 x 24,000 W / m 2 = +72,382 W 

At the lower end face, z = - z 0 - heat rate is out of the cylinder 

3tA 


000 W/m* 


A z = 


n ( r o _ \ ) 


q z ( r ,- z o)=- k — 

dz 


— — k [0 + 0 + 0 + 2dz 0 J 


J- z n 


q z (r,-z 0 ) = -16W/m 2 -Kx2(-300°C/m)(-2.5 m) = -24,000 W/m 2 
q z (-z 0 ) = -72,382W 

(e) The heat rates from the surfaces and the volumetric heat generation can be related through an 
overall energy balance on the cylinder as shown in the sketch. 

q”(r,+z 0 ) = +24,000 W/m 2 
q z (r ,+Zq) = +72,382 W 


< 

< 

< 

< 


A 


J/ ^gen - q V 

t Z 

q”(r 0 ,z) = -4,608 W/m 2 
* q(r 0 ,z) = -144,765 W 


r 


▲ 


q”(r,-z 0 ) = -24,000 W/m 2 
q z (r,-z 0 ) = -72,382 W 


h'in h'out hgen 0 where Fgen 0 ^ 0 

Ein = -q r ( r o ) = - (~ 144 ' 765 W ) = +144,765 W < 

E out = +q z ( z o ) - q z (“ z o ) = [72,382 - (-72,382)] W = +144,764 W < 

The overall energy balance is satisfied. 

COMMENTS: When using Fourier’s law, the heat flux q z denotes the heat flux in the positive z- 
direction. At a boundary, the sign of the numerical value will determine whether heat is flowing into 
or out of the boundary. 





PROBLEM 2.41 


KNOWN: An electric cable with an insulating sleeve experiences convection with adjoining air and 
radiation exchange with large surroundings. 

FIND: (a) Verify that prescribed temperature distributions for the cable and insulating sleeve satisfy 
their appropriate heat diffusion equations; sketch temperature distributions labeling key features; (b) 
Applying Fourier's law, verify the conduction heat rate expression for the sleeve, c \ t -, in terms of T s>i 
and T Sj2 ; apply a surface energy balance to the cable to obtain an alternative expression for q,- in 
terms of q and rq (c) Apply surface energy balance around the outer surface of the sleeve to obtain an 
expression for which T s , 2 can be evaluated; (d) Determine T s j, T Sj2 , and T 0 for the specified geometry 
and operating conditions; and (e) Plot T sa , T s>2 , and T c as a function of the outer radius for the range 
15.5 < r 2 < 20 mm. 


SCHEMATIC: 

P 


Tsur = 35 °C 


7^,= 25 °C 
ft = 25W/m 2 -K 


// 



ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Uniform volumetric heat generation 
in cable, (3) Negligible thermal contact resistance between the cable and sleeve, (4) Constant 
properties in cable and sleeve, (5) Surroundings large compared to the sleeve, and (6) Steady-state 
conditions. 


ANALYSIS: (a) The appropriate forms of the heat diffusion equation (HDE) for the insulation and 
cable are identified. The temperature distributions are valid if they satisfy the relevant HDE. 

Insulation: The temperature distribution is given as 

TW = T s , 2+ (T sa -T s , 2 )i^|> (1) 

and the appropriate HDE (radial coordinates, SS, q = 0), Eq. 2.20, 


dr 

d_ 

dr 


dT 

dr 


= 0 


0 + (T s ,i -T s ,2) 


1/r 


ln ( r l/ r 2) 


d_ 

dr 


/r r s ,i-T s , 2 A 


ln ( r l/ r 2) 


? = ?0 


Hence, the temperature distribution satisfies the HDE. 
Cable: The temperature distribution is given as 

■h 2 


T(r) = T Stl + 


4k 


2 ( 2 A 
i-V 
r r 


V 


and the appropriate HDE (radial coordinates, SS, q uniform), Eq. 2.20, 


( 2 ) 


Continued... 










PROBLEM 2.41 (Cont.) 


1 d 
r dr 

1 d 
r dr 


1 d 
r dr 


f 


dT 


v 

f 

r 

V L 


dr 


+ ^ = 0 


0 + 


. 2 f 

qq 


4k, 


f 


■ 2 n. 7 

q r l 2r 


2r 

° 2 

r l 


\ 


+ —? = ?0 
k. 


4k c r, 2 
V c 1 ) 


+ —? = ?0 
k. 


f 




qr, 4r 
4k c ri 2 

V c 1 ) 


+ —? = ?0 
k. 


Hence the temperature distribution satisfies the HDE. 

The temperature distributions in the cable, 0 < r < ri, and sleeve, ri < r < r 2 , and their key features are 
as follows: 


(1) Zero gradient, symmetry condition, 

(2) Increasing gradient with increasing radius, 
r, because of q , 

(3) Discontinuous T(r) across cable-sleeve 
interface because of different thermal 
conductivities, 

(4) Decreasing gradient with increasing radius, 
r, since heat rate is constant. 



(b) Using Fourier’s law for the radial-cylindrical coordinate, the heat rate through the insulation 
(sleeve) per unit length is 

, , A , dT , „ dT 

q r = -kA, — = -k27rr — 
dr dr 


and substituting for the temperature distribution, Eq. (1), 


q^. = -k s 2;rr 


0 + ( T s,l _T s,2) 


1/r 


ln ( r l/ r 2 ) 


= 27Tk< 


(\i~\ 2 ) 

ln ( r 2 / r l) 


(3) 


Applying an energy balance to a control surface placed around the cable, 


^in E OU { -0 

qV'c-q'r =0 

where qV c represents the dissipated electrical power in the cable 



Continued. 





PROBLEM 2.41 (Cont.) 



q r = 7rqr, 


( 4 ) 


(c) Applying an energy balance to a control surface placed around the outer surface of the sleeve, 



Trqq 2 - h (2^r 2 ) (t s>2 - ) - e (2;rr 2 )cr (t s 4 2 - T s 4 ur ) = 0 (5) 

This relation can be used to determine T s , 2 in terms of the variables q , ri, r 2 , h, T M , e and T sur . 

(d) Consider a cable-sleeve system with the following prescribed conditions: 

r, = 15 mm k, = 200 W/m-K h = 25W/m 2 K e = 0.9 

r 2 = 15.5 mm k s = 0.15W/m-K = 25°C T sur = 35°C 

For 250 A with Rg = 0.005 £2/m, the volumetric heat generation rate is 
q = l 2 R;/V / c =I 2 R / e /(^r 1 2 ) 

q = (250 A) 2 x0.005 Q. / mj[n x0.015 2 m 2 ) = 4.42x 10 5 w/ m 3 

Substituting numerical values in appropriate equations, we can evaluate T s j, T s?2 and T c . 

Sleeve outer surface temperature, T Si2 : Using Eq. (5), 

7tx4.42x 10 5 w/m 3 x(0.015m) 2 -25 w/m 2 • Kx(2ttx 0.0155m) (t s 2 -298K) 

-0.9x(2^x0.0155m)x5.67xl0“ 8 w/m 2 K 4 (t 4 2 -308 4 )k 4 = 0 


T s2 =395K = 122°C 

Sleeve-cable interface temperature, T s l \ Using Eqs. (3) and (4), with T s>2 = 395 K, 

(t s ,i-t s , 2 ) 


7rqr| = 2^k s 


ln ( r 2/ r l) 


n x4.42x 10 5 W/m 3 x(0.015m)“ = 2tz x 0.15 W/m• K 


(T s ,i-395K) 
In (15.5/15.0) 


T sJ =406K = 133°C 


Continued. 



PROBLEM 2.41 (Cont.) 


Cable centerline temperature, T 0 : Using Eq. (2) with T S | = 133°C, 

■ 2 

T o =T(0) = T Sjl + ^- 
4k c 

T 0 =133°C + 4.42xl0 5 w/m 3 x(0.015m) 2 /(4x200W/m-K) = 133.f C < 

(e) With all other conditions remaining the same, the relations of part (d) can be used to calculate T 0 , 
T Sj i and T s>2 as a function of the sleeve outer radius r 2 for the range 15.5 < r 2 < 20 mm. 


o 


CD 

h- 



Sleeve outer radius, r2 (mm) 

—*— Inner sleeve, rl 
- Outer sleeve, r2 


On the plot above T 0 would show the same behavior as T s i since the temperature rise between cable 
center and its surface is 0.12°C. With increasing r 2 , we expect T s 2 to decrease since the heat flux 
decreases with increasing r 2 . We expect T Sj i to increase with increasing r 2 since the thermal resistance 
of the sleeve increases. 




PROBLEM 2.42 


KNOWN: Temperature distribution in a spherical shell. 

FIND: Whether conditions are steady-state or transient. Manner in which heat flux and heat rate 
vary with radius. 


SCHEMATIC: 




encai 


T(r)--^±-+ 


shell , 

Q 


ASSUMPTIONS: (1) One-dimensional conduction in r, (2) Constant properties. 
ANALYSIS: From Equation 2.23, the heat equation reduces to 

1 <9T 


1 d ( 2 dT\ 


V 


r 2 dr 
Substituting for T(r), 

1 o>T _1 

r 


a <9t 


dr 


2 d i 


a d t 


r 2 —^ 
r 2 7 


= 0 . 


Hence, steady-state conditions exist. 

From Equation 2.22, the radial component of the heat flux is 

k 2l— k £L 

q '“ V 

Hence, decreases with increasing r"‘^q"al/r"‘j. 

At any radial location, the heat rate is 

q r =4ra- 2 q" = 4^kC|. 


< 


< 


Hence, q r is independent of r. < 

COMMENTS: The fact that q r is independent of r is consistent with the energy conservation 

requirement. If q r is constant, the flux must vary inversely with the area perpendicular to the direction 

„ 2 
of heat flow. Hence, q r varies inversely with r . 



PROBLEM 2.43 


KNOWN: Spherical container with an exothermic reaction enclosed by an insulating material whose 
outer surface experiences convection with adjoining air and radiation exchange with large 
surroundings. 

FIND: (a) Verify that the prescribed temperature distribution for the insulation satisfies the 
appropriate form of the heat diffusion equation; sketch the temperature distribution and label key 
features; (b) Applying Fourier's law, verify the conduction heat rate expression for the insulation 
layer, q r , in terms of T s ,i and T Sj2 ; apply a surface energy balance to the container and obtain an 
alternative expression for q r in terms of q and rq (c) Apply a surface energy balance around the outer 
surface of the insulation to obtain an expression to evaluate T Sj2 ; (d) Determine T s>2 for the specified 
geometry and operating conditions; (e) Compute and plot the variation of T s>2 as a function of the 
outer radius for the range 201 < r 2 < 210 mm; explore approaches for reducing T s 2 < 45°C to 
eliminate potential risk for burn injuries to personnel. 


SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, radial spherical conduction, (2) Isothermal reaction in 
container so that T 0 = T s j, (2) Negligible thermal contact resistance between the container and 
insulation, (3) Constant properties in the insulation, (4) Surroundings large compared to the insulated 
vessel, and (5) Steady-state conditions. 


ANALYSIS: The appropriate form of the heat diffusion equation (HDE) for the insulation follows 
from Eq. 2.23, 


1 d 
j-2 dr 



dT N 

d7 y 


d)< 


The temperature distribution is given as 

l-(ri/r) 


T(r) = T Sjl -(T S)1 -T Sj2 ) 


'-(h/d) 


Substitute T(r) into the HDE to see if it is satisfied: 


1 d 
r 2 dr 


1 d 

2 dr 


o-(t m -t S j2 )- 


0 + 


(<A 2 ) 


1 -(n / r 2) 


V L 

f 


? = ?0 




4 


+(t s ,i-t s>2 ) 


1 - (n / r 2) 


? = ?0 


( 2 ) 


< 


and since the expression in parenthesis is independent of r, T(r) does indeed satisfy the HDE. The 
temperature distribution in the insulation and its key features are as follows: 


Continued... 







PROBLEM 2.43 (Cont.) 


(1) T Si 1 >T s , 2 

(2) Decreasing gradient with increasing radius, 
r, since the heat rate is constant through 
the insulation. 


T(r) 



(b) Using Fourier’s law for the radial-spherical coordinate, the heat rate through the insulation is 


q r 


=_kAr d7 = ~ k ( 47rf2 ) 


2\dT 
dr 


and substituting for the temperature distribution, Eq. (2), 


q r = —k7rU 


0-(T s j-T s , 2 ) 


0 + 


(,A 2 ) 


'-(i/d) 


_ 4^k(T s ,i-T s , 2 ) 

% (V r l) _ (V r 2 ) 

Applying an energy balance to a control surface about the container at r = ri, 



where qV represents the generated heat in the container, 


(3) 


q r =(4/3)7ni 3 q 


(4) 


(c) Applying an energy balance to a control surface placed around the outer surface of the insulation, 


hr hcv 


F. _ F - o 
^out ~~ u 

~ hrad “ ® 

q r — hA s (T s 2 “Tqo ) “£A s (7 



(5) 


Continued. 



PROBLEM 2.43 (Cont.) 


where 

A s =47rr 2 2 


( 6 ) 


These relations can be used to determine T s>2 in terms of the variables q , ri, r 2 , h, T TC , £ and T sur . 
(d) Consider the reactor system operating under the following conditions: 

r, = 200 mm h = 5 W/m 2 K £ = 0.9 

r 2 = 208 mm T„ = 25°C T sur = 35°C 

k = 0.05 W/m-K 


The heat generated by the exothermic reaction provides for a volumetric heat generation rate, 

q = q G exp(—A/T 0 ) q o =5000w/m 3 A = 75K (7) 

where the temperature of the reaction is that of the inner surface of the insulation, T c = T s ,i. The 


following system of equations will determine tl 
Conduction rate equation, insulation, Eq. (3), 

4k x 0.05 W/m • K (t s j - T s>2 ) 
qr (1/0.200 m-1/0.208 m) 

Heat generated in the reactor, Eqs. (4) and (7), 
q r = 4/37r(0.200m) 3 q 


operating conditions for the reactor. 

( 8 ) 

(9) 


q = 5000w/m 3 exp(-75K/T sJ ) (10) 

Surface energy balance, insulation, Eqs. (5) and (6), 

q r -5 w/m 2 • K A s (T s 2 - 298 K) -0.9A S 5.67x 10“ 8 w/ m 2 -K 4 (t 4 2 - (308 K) 4 ) = 0 (11) 

A s =4k (0.208 m) 2 (12) 

Solving these equations simultaneously, find that 


T s1 =94.3°C T S)2 = 52.5° C < 

That is, the reactor will be operating at T 0 = T s ,i = 94.3°C, very close to the desired 95°C operating 
condition. 

(e) From the above analysis, we found the outer surface temperature T Sj2 = 52.5°C represents a 
potential burn risk to plant personnel. Using the above system of equations, Eqs. (8)-( 12), we have 
explored the effects of changes in the convection coefficient, h, and the insulation thermal 
conductivity, k, as a function of insulation thickness, t = r 2 - ri. 


Continued... 



PROBLEM 2.43 (Cont.) 



-k = 0.05 W/m.K, h = 5 W/m A 2.K 

-x- k = 0.01 W/m.K, h = 5 W/m A 2.K 
-e- k = 0.05 W/m.K, h = 15 W/m A 2.K 


-k = 0.05 W/m.K, h = 5 W/m A 2.K 

-x- k = 0.01 W/m.K, h = 5 W/m A 2.K 
-e- k = 0.05 W/m.K, h = 15 W/m A 2.K 


In the T S) 2 vs. (r 2 - ri) plot, note that decreasing the thermal conductivity from 0.05 to 0.01 W/m-K 
slightly increases T s 2 while increasing the convection coefficient from 5 to 15 W/m“K markedly 
decreases T s>2 . Insulation thickness only has a minor effect on T s?2 for either option. In the T c vs. (r 2 - 
ri) plot, note that, for all the options, the effect of increased insulation is to increase the reaction 
temperature. With k = 0.01 W/m-K, the reaction temperature increases beyond 95°C with less than 2 
mm insulation. For the case with h = 15 W/m 2 K, the reaction temperature begins to approach 95°C 
with insulation thickness around 10 mm. We conclude that by selecting the proper insulation 
thickness and controlling the convection coefficient, the reaction could be operated around 95 °C such 
that the outer surface temperature would not exceed 45°C. 





PROBLEM 2.44 

KNOWN: One-dimensional system, initially at a uniform temperature Tj, is suddenly 
exposed to a uniform heat flux at one boundary, while the other boundary is insulated. 

FIND: (a) Proper form of heat equation and boundary and initial conditions, (b) Temperature 
distributions for following conditions: initial condition (t < 0), and several times after heater 
is energized; will a steady-state condition be reached; (c) Heat flux at x = 0, L/2, L as a 
function of time; (d) Expression for uniform temperature, Tf, reached after heater has been 
switched off following an elapsed time, t e , with the heater on. 

SCHEMATIC: 


I 

1 — o — 


u /a tion 

S-~- 'System, mass M, 


-Electrical heater, area A« 


ASSUMPTIONS: (1) One-dimensional conduction, (2) No internal heat generation, (3) 
Constant properties. 

ANALYSIS: (a) The appropriate form of the heat equation follows from Eq. 2.15. Also, the 
appropriate boundary and initial conditions are: 


d 2 T _ 1 dT 
<9x 2 cc dt 


In itial condition: 
Boundary conditions: 


T(x,0) = Tj Uniform temperature 

x = 0 =-k<9 T / <9 x) 0 

x = L dT / <9x) l = 0 


(b) The temperature distributions are as follows: 

L\ 



7/ = T(x,0) 


Si ope at this boundary is always zero, 
t \ T (*, f ) 

_ Slope at this boundary 

r I is always constant: 

frx) 0 = -% Ik 


T(xff 


< 


No steady-state condition will be reached since E in = E st and E in is constant. 


(c)The heat flux as a function of time for positions x = 0, L/2 and L is as follows: 



< 


(d) If the heater is energized until t = E and then switched off, the system will eventually 
reach a uniform temperature, Tf. Perform an energy balance on the system, Eq. 1.1 lb, for 
an interval of time At = t e , 


Ein — E st 



q"A s dt=q;'A s t e 


E st =Mc(T f - Tj) 


or 


Tf =Tj + 




It follows that 


q"A s t e =Mc(Tf-Tj) 


Me 


< 



PROBLEM 2.45 


KNOWN: Plate of thickness 2L, initially at a uniform temperature of Tj = 200°C, is suddenly 

2 

quenched in a liquid bath of Too = 20°C with a convection coefficient of 100 W/m K. 

FIND: (a) On T-x coordinates, sketch the temperature distributions for the initial condition (t < 0), the 
steady-state condition (t —> °°), and two intermediate times; (b) On q* -1 coordinates, sketch the 
variation with time of the heat flux at x = L, (c) Determine the heat flux at x = L and for t = 0; what is 

the temperature gradient for this condition; (d) By performing an energy balance on the plate, 

2 

determine the amount of energy per unit surface area of the plate (J/m ) that is transferred to the bath 
over the time required to reach steady-state conditions; and (e) Determine the energy transferred to the 
bath during the quenching process using the exponential-decay relation for the surface heat flux. 

SCHEMATIC: 


Quenching heat flux N 
q” = Aexp(-Bt) 

A = 1.80x10 4 W/m 2 
B = 4.126x10- 3 S' 1 



h = 100 W/m 2 -K 


I 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, and (3) No internal heat 
generation. 

ANALYSIS: (a) The temperature distributions are shown in the sketch below. 




(b) The heat flux at the surface x = L, q” (L, t), is initially a maximum value, and decreases with 
increasing time as shown in the sketch above. 

(c) The heat flux at the surface x = L at time t = 0, q” (L, 0), is equal to the convection heat flux with 
the surface temperature as T(L,0) = Tj. 

q^ (L, 0) = q^ onv (t = 0) = h (Tj -T^ ) = 100 W/m 2 • K (200 - 20)°C = 18.0kW / m 2 < 

From a surface energy balance as shown in the sketch considering the conduction and convection 
fluxes at the surface, the temperature gradient can be calculated. 


Continued 






PROBLEM 2.45 (Cont.) 


^in E OU { -0 
q x (L,0)-q conv (t = 0) = 0 
0T 3 


with q x (L, 0) = -k — 
dx 


Jx =L 


dx 


Jl,o 


= — ^conv (t = 0)/k = —!8xl0 3 W/m 2 /50W/m - K = —360K/m 


qx(L.O) 


T(L,0) = Tj 


Clconv(t - 0) 



(d) The energy transferred from the plate to the bath over the time required to reach steady-state 
conditions can be determined from an energy balance on a time interval basis, Eq. 1.11b. For the 
initial state, the plate has a uniform temperature Tp for the final state, the plate is at the temperature of 
the bath. Too. 

Ejn — E out = AE st = Ef — Ej with Ej n = 0, 

-E™t=P‘=p(2L)[T M -T i ] 

E out =-2770kg/m 3 x875J/kg.K(2x0.010m)[20 - 200]K=+8.73xl0 6 J/m 2 < 

(e) The energy transfer from the plate to the bath during the quenching process can be evaluated from 
knowledge of the surface heat flux as a function of time. The area under the curve in the q” (L, t) vs. 
time plot (see schematic above) represents the energy transferred during the quench process. 

E out = 2j“ 0 q'x (L,t)dt = 2j“ 0 A e - Bl dt 


2A 

- — e~ Bt 

OO 

= 2A 

-2(o-i) 

= 2A/B 


B 

0 

L B v 'J 



E' ut = 2xl.80xl0 4 W/m 2 /4.126xl(T 3 s~ 1 =8.73xl0 6 J/m 2 


< 


COMMENTS: (1) Can you identify and explain the important features in the temperature 
distributions of part (a)? 

(2) The maximum heat flux from the plate occurs at the instant the quench process begins and is equal 
to the convection heat flux. At this instant, the gradient in the plate at the surface is a maximum. If 
the gradient is too large, excessive thermal stresses could be induced and cracking could occur. 

(3) In this thermodynamic analysis, we were able to determine the energy transferred during the 
quenching process. We cannot determine the rate at which cooling of the plate occurs without solving 
the heat diffusion equation. 




PROBLEM 2.46 

KNOWN: Plane wall, initially at a uniform temperature, is suddenly exposed to convective heating. 


FIND: (a) Differential equation and initial and boundary conditions which may be used to find the 
temperature distribution, T(x,t); (b) Sketch T(x,t) for these conditions: initial (t < 0), steady-state, t —> 

°o, and two intermediate times; (c) Sketch heat fluxes as a function of time for surface locations; (d) 

3 

Expression for total energy transferred to wall per unit volume (J/m ). 


SCHEMATIC: 


Tnsu la iion -o 




ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) No internal heat 
generation. 


ANALYSIS: (a) For one-dimensional conduction with constant properties, the heat equation has the 
form, 


d 2 T _ 1 dT 
dx 2 a dt 


and the 

conditions are: 


Initial, t < 0: 
< Boundaries: 
x = L 


T(x,0) = Ti 

x = 0 <9T/o>x) 0 = 0 

-kdT/ <9x) l = h[T(L,t) —To,,] 


uniform 

adiabatic 

convection 


(b) The temperature distributions are shown on the sketch. 



Note that the gradient at x = 0 is always zero, since this boundary is adiabatic. Note also that the 
gradient at x = L decreases with time. 

(c) The heat flux, q"(x,t), as a function of time, is shown on the sketch for the surfaces x = 0 and x 
= L. 


Continued 






PROBLEM 2.46 (Cont.) 



For the surface at x = 0, q^(0, t) = 0 since it is adiabatic. At x = L and t = 0, q^(L,0) is a 
maximum 

q"(L,0) = h[T(L,0)-T oo ] 

where T(L,0) = TV The gradient, and hence the flux, decrease with time. 

(d) The total energy transferred to the wall may be expressed as 

/• oo 

^in — Jq Qconv^s^ 

E in = hAj o ”(T„-T(L,t))lt 


Dividing both sides by A S L, the energy transferred per unit volume is 



h c°° 

LA) 


[X>o -T(L,t)]dt 


J/m 3 


COMMENTS: Note that the heat flux at x = L is into the wall and is hence in the negative x 
direction. 



PROBLEM 2.47 


KNOWN: Plane wall, initially at a uniform temperature Tp is suddenly exposed to convection with a 
fluid at Too at one surface, while the other surface is exposed to a constant heat flux q". 

FIND: (a) Temperature distributions, T(x,t), for initial, steady-state and two intermediate times, (b) 
Corresponding heat fluxes on — x coordinates, (c) Heat flux at locations x = 0 and x = L as a 
function of time, (d) Expression for the steady-state temperature of the heater, T(0,°°), in terms of 
q", T^, k, h andL. 


SCHEMATIC: 


Heater ; 9 ( 
Insulation 



^~0,k — 

' 00 ," 


T(X,0)=T; 


ASSUMPTIONS: (1) One-dimensional conduction, (2) No heat generation, (3) Constant properties. 
ANALYSIS: (a) For T- < T^, the temperature distributions are 



(b) The heat flux distribution, q"(x, t), is determined from knowledge of the temperature gradients, 
evident from Part (a), and Fourier’s law. 




(c) On q"(x,t) — t coordinates, the heat fluxes at the boundaries are shown above. 

(d) Perform a surface energy balance at x = L and an energy balance on the wall: 

qco„d=qS,nv = h[T(L,~)-T„] (1), qcond = qo- (2) 

For the wall, under steady-state conditions, Fourier’s law gives 

„ , dT T(0,°o)-T(L,°o) 

q 0 = -k— = k ———-• (3) 


x±L 


Combine Eqs. (1), (2), (3) to find: 


T(0,oo) = T 00 + 


1/h + L/k 





PROBLEM 2.48 


KNOWN: Plane wall, initially at a uniform temperature T 0 , has one surface (x = L) suddenly 

exposed to a convection process (To„ > T c ,h), while the other surface (x = 0) is maintained at T 0 . 

Also, wall experiences uniform volumetric heating q such that the maximum steady-state temperature 

will exceed Too. 

FIND: (a) Sketch temperature distribution (T vs. X) for following conditions: initial (t < 0), steady- 
state (t —> oo), and two intermediate times; also show distribution when there is no heat flow at the x = 
L boundary, (b) Sketch the heat flux (q^ vs. t) at the boundaries x = 0 and L. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Uniform volumetric 
generation, (4) T 0 < and q large enough that T(x,°o) > Too. 

ANALYSIS: (a) The initial and boundary conditions for the wall can be written as 


Initial (t <0): 
Boundary: 


x = L 


T(x,0) = T 0 
x = 0 T(0,t) = T 0 


dT 

dx Jx =L 


h[T(L,t)-Too] 


Uniform temperature 
Constant temperature 

Convection process. 


The temperature distributions are shown on the T-x coordinates below. Note the special condition 
when the heat flux at (x = L) is zero. 

(b) The heat flux as a function of time at the boundaries, q " (0, t) and q"(L, t), can be inferred from 
the temperature distributions using Fourier’s law. 



COMMENTS: Since T(x,°°) > T^ and To,, > T 0 , heat transfer at both boundaries must be out of the 
wall. Hence, it follows from an overall energy balance on the wall that +q” (0, °°)- q” (L,°°) + qL = 0. 



PROBLEM 2.49 


KNOWN: Plane wall, initially at a uniform temperature T 0 , has one surface (x = L) suddenly exposed 

to a convection process (Too < T 0 , h), while the other surface (x = 0) is maintained at T 0 . Also, wall 
experiences uniform volumetric heating q such that the maximum steady-state temperature will 

exceed Too. 


FIND: (a) Sketch temperature distribution (T vs. x) for following conditions: initial (t < 0), steady- 
state (t —> °°), and two intermediate times; identify key features of the distributions, (b) Sketch the heat 
flux (t\" vs. t) at the boundaries x = 0 and L; identify key features of the distributions. 


SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Uniform volumetric 
generation, (4) < T 0 and q large enough that T(x,°o) > T 0 . 


ANALYSIS: (a) The initial and boundary conditions for the wall can be written as 


Initial (t <0): 
Boundary: 

x = L 


T(x,0) = T 0 
x = 0 T(0,t) 
dT^ 

dx, 


x=L 


= h[T(L,t)-T 00 ] 


Uniform temperature 
Constant temperature 

Convection process. 


The temperature distributions are shown on the T-x coordinates below. Note that the maximum 
temperature occurs under steady-state conditions not at the midplane, but to the right toward the 
surface experiencing convection. The temperature gradients at x = L increase for t > 0 since the 
convection heat rate from the surface increases as the surface temperature increases. 

(b) The heat flux as a function of time at the boundaries, q^(0, t) and q"(L,t), can be inferred from 
the temperature distributions using Fourier’s law. At the surface x = L, the convection heat flux at t = 

0 is q” (L,0) = h (T 0 - T m ). Because the surface temperature dips slightly at early times, the 

convection heat flux decreases slightly, and then increases until the steady-state condition is reached. 
For the steady-state condition, heat transfer at both boundaries must be out of the wall. It follows from 
an overall energy balance on the wall that +q” (0, °°) - q” (L, °°) + qL = 0. 






PROBLEM 2.50 


KNOWN: Interfacial heat flux and outer surface temperature of adjoining, equivalent plane walls. 

FIND: (a) Form of temperature distribution at representative times during the heating process, (b) 
Variation of heat flux with time at the interface and outer surface. 

SCHEMATIC: 



-L x +L 

ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties. 

ANALYSIS: (a) With symmetry about the 
interface, consideration of the temperature 
distribution may be restricted to 0 < x < L. 

During early stages of the process, heat transfer 
is into the material from the outer surface, as 
well as from the interface. During later stages 
and the eventual steady state, heat is transferred 
from the material at the outer surface. At 
steady-state, dT/dx = —(qo/2)/k = const . and 

T(0,t) = T 0 + (q;/2)L/k. 

(b) At the outer surface, the heat flux is initially 
negative, but increases with time, approaching 
qo /2. It is zero when dT/dx| ^ = 0. 



q"(L,t) 



PROBLEM 2.51 


KNOWN: Temperature distribution in a plane wall of thickness L experiencing uniform volumetric 
heating q having one surface (x = 0) insulated and the other exposed to a convection process 

characterized by Too and h. Suddenly the volumetric heat generation is deactivated while convection 
continues to occur. 

FIND: (a) Determine the magnitude of the volumetric energy generation rate associated with the 
initial condition, (b) On T-x coordinates, sketch the temperature distributions for the initial condition 
(T < 0), the steady-state condition (t —> °°), and two intermediate times; (c) On q” -1 coordinates, 
sketch the variation with time of the heat flux at the boundary exposed to the convection process, 
q” (L, t); calculate the corresponding value of the heat flux at t = 0; and (d) Determine the amount of 

2 

energy removed from the wall per unit area (J/m ) by the fluid stream as the wall cools from its initial 
to steady-state condition. 

SCHEMATIC: 




T(x,0) = a + bx 2 x(m) 
a = 300°C b = -I.OxlO 4 °C/m 2 
q * 0 for t < 0; q = 0 for t > 0 



U: 


L = 0.1m 


Tco=20°C 
h = 1000 W/m 2 -K 


p = 7000 kg/m 3 
c p = 450 J/kg-K 
k = 90 W/m-K 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, and (3) Uniform internal 
volumetric heat generation for t < 0. 

ANALYSIS: (a) The volumetric heating rate can be determined by substituting the temperature 
distribution for the initial condition into the appropriate form of the heat diffusion equation. 


dx 


^dT ' 
dx 


+ ^ = 0 


where 


T(x,0) = a+bx" 


— (0 + 2bx) + ^- = 0 + 2b + -y- = 0 

dx k k 


q = -2kb = -2x90W/m-K(-1.0xl0 4o C/m 2 ) = 1.8xl0 6 W/nr 


(b) The temperature distributions are shown in the sketch below. 




Continued 




PROBLEM 2.51 (Cont.) 


(c) The heat flux at the exposed surface x = L, q x (L, 0), is initially a maximum value and decreases 

with increasing time as shown in the sketch above. The heat flux at t = 0 is equal to the convection 
heat flux with the surface temperature T(L,0). See the surface energy balance represented in the 
schematic. 

q' (L, 0) = q' onv (t = 0) = h(T(L,0)-T oo ) = 1000 W /m 2 • K(200- 20) °C = 1,80x 10 5 W/m 2 < 
where T(L,0) = a + bL 2 =300°C-1.0xl0 4o C/m 2 (0.1m) 2 = 200°C. 


qx(L,0) 


T(L,0) = a + bx 2 

Oconv(f = 0) 


(d) The energy removed from the wall to the fluid as it cools from its initial to steady-state condition 

can be determined from an energy balance on a time interval basis, Eq. 1.11b. For the initial state, the 

2 

wall has the temperature distribution T(x,0) = a + bx ; for the final state, the wall is at the temperature 
of the fluid, Tf = Too. We have used T M as the reference condition for the energy terms. 


cf TJ* _ it' TJ* Tj" 

E m ^-out _ Ah st _ E f 


v- = 0 
n m - u 


E ou t-P c pL[T f P c pJ x _q [t(x, 0) X>o]dx 

E out = P c p| x _^ a + bx 2 -Too dx = pc p ax+ bx 3 /3 -TooX 


E'ut =7000kg/m 3 x450J/kg-K 300x0.l-l.0xl0 4 (O.l) 3 73-20x0.1 K m 


Eout = 7.77xl0 7 J / m 2 < 

COMMENTS: (1) In the temperature distributions of part (a), note these features: initial condition 
has quadratic form with zero gradient at the adiabatic boundary; for the steady-state condition, the wall 
has reached the temperature of the fluid; for all distributions, the gradient at the adiabatic boundary is 
zero; and, the gradient at the exposed boundary decreases with increasing time. 

(2) In this thermodynamic analysis, we were able to determine the energy transferred during the 
cooling process. However, we cannot determine the rate at which cooling of the wall occurs without 
solving the heat diffusion equation. 




PROBLEM 2.52 


KNOWN: Temperature as a function of position and time in a plane wall suddenly subjected to a 
change in surface temperature, while the other surface is insulated. 

FIND: (a) Validate the temperature distribution, (b) Heat fluxes at x = 0 and x = L, (c) Sketch of 
temperature distribution at selected times and surface heat flux variation with time, (d) Effect of 
thermal diffusivity on system response. 


SCHEMATIC: 



<x,T(x,0)=1J 
-T(L,+)=T S 



7 }'t~ Ts rC r S *P( 

•i 's 


Tf* 

4 


tf)°* 


(it) 


ASSUMPTIONS: (1) One-dimensional conduction in x, (2) Constant properties. 

ANALYSIS: (a) To be valid, the temperature distribution must satisfy the appropriate forms of the 
heat equation and boundary conditions. Substituting the distribution into Equation 2.15, it follows 
that 


d Z T _ 1 o>T 
d x 2 ~ a dt 

-C, (Tj -T s )exp| — 7 T II -— I cos| 


r ti 2 at ^ 


4 L 2 


( K 


V 2Ly 


( TZ 

v2 Ly 


( 2 

TZ 

X 

a 

exp 

( 

n 2 

x 

at 


' K X^ 

4 

V 

L 2 
^ ) 

K 

4 

L 2 
^ ) 

EU5 



= -f(Ti-T s )| 


Hence, the heat equation is satisfied. Applying boundary conditions at x = 0 and x = L, it follows that 

dT C X TZ ( ^ f K 2 OtV (K x\ . 

l x =o = ( T i- T s ex P -~r ~2 sin lx=0 = 0 < 

dx 2L ^ 4 l J v2Ly 

and 


T(L,t) = T s +C,(T i -T s )exp 


C 2 A 

k at 

cos 

' K X^ 

4 j2 

V L ) 


v2L y 


x=L 


= T 

x s- 


Hence, the boundary conditions are also satisfied, 
(b) The heat flux has the form 


q,, ‘ = “ k fr =+ ( T i ~ T s) ex p 


( 9 1 

n at 


' 71 X^ 

4 j2 

V L J 

sin 

v2 L y 


Continued 




PROBLEM 2.52 (Cont.) 


Hence, qx(0) = 0. 

< 

q x( L ) = + 2L ( T i T s) ex p( 4 L 2 j 

< 


(c) The temperature distribution and surface heat flux variations are: 




(d) For materials A and B of different a, 


[T(x,t)-T S ] A 
[T(x,.)-T s ] b - 6XP 



(a A -a B )t 


Hence, if Ct A > Ctg, T (x,t) —> T s more rapidly for Material A. If a A < Ctg, T (x, t) —> T s more 
rapidly for Material B. < 

COMMENTS: Note that the prescribed function for T(x.t) does not reduce to T- for t —> 0. For 
times at or close to zero, the function is not a valid solution of the problem. At such times, the 
solution for T(x.t) must include additional terms. The solution is consideed in Section 5.5.1 of the 
text. 



PROBLEM 2.53 


2 

KNOWN: Thin electrical heater dissipating 4000 W/m sandwiched between two 25-mm thick plates 
whose surfaces experience convection. 

FIND: (a) On T-x coordinates, sketch the steady-state temperature distribution for -L < x < +L; 
calculate values for the surfaces x = L and the mid-point, x = 0; label this distribution as Case 1 and 
explain key features; (b) Case 2: sudden loss of coolant causing existence of adiabatic condition on 
the x = +L surface; sketch temperature distribution on same T-x coordinates as part (a) and calculate 
values for x = 0, ± L; explain key features; (c) Case 3: further loss of coolant and existence of 
adiabatic condition on the x = - L surface; situation goes undetected for 15 minutes at which time 
power to the heater is deactivated; determine the eventual (t —> °°) uniform, steady-state temperature 
distribution; sketch temperature distribution on same T-x coordinates as parts (a,b); and (d) On T-t 
coordinates, sketch the temperature-time history at the plate locations x = 0, ± L during the transient 
period between the steady-state distributions for Case 2 and Case 3; at what location and when will the 
temperature in the system achieve a maximum value? 

SCHEMATIC: 


Too = 20°C 
h = 400 W/m 2 -K 




p = 2500 kg/m 3 
c p = 700 J/kg-K 
k = 5 W/m-K 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) No internal 
volumetric generation in plates, and (3) Negligible thermal resistance between the heater surfaces and 
the plates. 


ANALYSIS: (a) Since the system is symmetrical, the heater power results in equal conduction fluxes 
through the plates. By applying a surface energy balance on the surface x = +L as shown in the 
schematic, determine the temperatures at the mid-point, x = 0, and the exposed surface, x + L. 


qx( + L) 


L/T^L) 


I 4conv 

I-► 




^in E OU { -0 

qx (+ L ) - q'conv = 0 where qx (+ L ) = qo 1 2 

q'/2-h[T(+L)-T oo ] = 0 

T, (+L) = q'/ 2h + T^ = 4000 W / m 2 / (2 x 400 W / m 2 ■ K) + 20°C = 25°C < 

From Fourier’s law for the conduction flux through the plate, find T(0). 

q'=q'/2 = k[T(0)-T(+L)]/L 

Tj (0) = T i (+L) + q'L/2k = 25°C + 4000W / m 2 • Kx0.025m/ (2x5 W / m • K) = 35°C < 


The temperature distribution is shown on the T-x coordinates below and labeled Case 1. The key 
features of the distribution are its symmetry about the heater plane and its linear dependence with 
distance. 


Continued 





PROBLEM 2.53 (Cont.) 



(b) Case 2: sudden loss of coolant with the existence of an adiabatic condition on surface x = +L. For 
this situation, all the heater power will be conducted to the coolant through the left-hand plate. From a 
surface energy balance and application of Fourier’s law as done for part (a), find 

T 2 (-L) = q ;/h + T 00 =4000W/m 2 /400W/m 2 K + 20°C = 30°C < 

T 2 (0) = T 2 (—L) + q^L/k = 30°C + 4000W/m 2 x0.025 m / 5 W / m ■ K = 50°C < 

The temperature distribution is shown on the T-x coordinates above and labeled Case 2. The 
distribution is linear in the left-hand plate, with the maximum value at the mid-point. Since no heat 
flows through the right-hand plate, the gradient must zero and this plate is at the maximum 
temperature as well. The maximum temperature is higher than for Case 1 because the heat flux 
through the left-hand plate has increased two-fold. 

(c) Case 3: sudden loss of coolant occurs at the x = -L surface also. For this situation, there is no heat 

2 

transfer out of either plate, so that for a 15-minute period, At 0 , the heater dissipates 4000 W/m and 
then is deactivated. To determine the eventual, uniform steady-state temperature distribution, apply 
the conservation of energy requirement on a time-interval basis, Eq. 1.11b. The initial condition 
corresponds to the temperature distribution of Case 2, and the final condition will be a uniform, 

elevated temperature Tf = T 3 representing Case 3. We have used T m as the reference condition for the 
energy terms. 

Ein - E ou t + Eg en = AE st = Ef - Ej (1) 

Note that E[ n - E* ut = 0, and the dissipated electrical energy is 

Eg en =qoAt 0 = 4000W/m 2 (I5x60)s = 3.600xl0 6 J/m 2 (2) 

For the final condition, 

Ef =pc(2L)[T f -T oo ] = 2500kg/m 3 x700J/kgK(2x0.025m)[T f -20]°C 
Ef =8.75xl0 4 [Tf - 20 ]J/m 2 

where Tf = T 3 , the final uniform temperature, Case 3. For the initial condition, 

E[ = P c t T 2 ( X ) ■-' T - = P c (f ° L [ T 2 ( x ) ■-'Too ] dx + J 0 +L [T 2 (0)- Too ]dx} (4) 

where T 2 (x) is linear for -L < x < 0 and constant at T 2 ( 0 ) for 0 < x < +L. 

T 2 (x) = T 2 (0) + [T 2 (0)-T 2 (L)]x/L -L < x < 0 

T 2 (x) = 50°C + [50-30]°Cx/0.025m 

T 2 (x) = 50°C + 800x (5) 

Substituting for T 2 (x), Eq. (5), into Eq. (4) 


Continued 







PROBLEM 2.53 (Cont.) 


E i = pel J° [50 + 800x-T 00 ]dx + [t 2 (0)-]L 


H = P c j[ 

H = P c {-[ 


50x + 400x - T„x 


J-L 


-50L + 400L + T^L 


+ [T 2 (0)-T oo ]L 


+ 


[T 2 (0)-T m ]l} 


E- = p cL{+50 - 400L - + T 2 (0) - } 

Ef = 2500 kg / m 3 x 700 J / kg ■ K x 0.025 m {+50 - 400x 0.025 - 20 + 50 - 20} K 
E[ = 2.188xl0 6 J/m 2 

Returning to the energy balance, Eq. (1), and substituting Eqs. (2), (3) and ( 6 ), find Tf = T 3 . 
3.600xl0 6 J/m 2 =8.75xl0 4 [T 3 -20]-2.188x10 6 J/m 2 


T 3 =(66.1 + 20)°C = 86.1°C 

The temperature distribution is shown on the T-x coordinates above and labeled Case 3. The 
distribution is uniform, and considerably higher than the maximum value for Case 2. 


( 6 ) 


< 


(d) The temperature-time history at the plate locations x = 0, ± L during the transient period between 
the distributions for Case 2 and Case 3 are shown on the T-t coordinates below. 



Note the temperatures for the locations at time t = 0 corresponding to the instant when the surface 
x = - L becomes adiabatic. These temperatures correspond to the distribution for Case 2. The heater 
remains energized for yet another 15 minutes and then is deactivated. The midpoint temperature, 
T(0,t), is always the hottest location and the maximum value slightly exceeds the final temperature T 3 . 




PROBLEM 2.54 


KNOWN: Radius and length of coiled wire in hair dryer. Electric power dissipation in the wire, and 
temperature and convection coefficient associated with air flow over the wire. 

FIND: (a) Form of heat equation and conditions governing transient, thermal behavior of wire during 
start-up, (b) Volumetric rate of thermal energy generation in the wire, (c) Sketch of temperature 
distribution at selected times during start-up, (d) Variation with time of heat flux at r = 0 and r = r 0 . 


SCHEMATIC: 


1 


L = 0.5 m 


l 


-gen 


q“(r 0 ) 


r 0 = 1 mm 


ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Constant properties, (3) Uniform 
volumetric heating, (4) Negligible radiation from surface of wire. 

ANALYSIS: (a) The general form of the heat equation for cylindrical coordinates is given by Eq. 
2.20. For one-dimensional, radial conduction and constant properties, the equation reduces to 

( 

r — 
dr 


+ q = 


1 3 
r Or 

The initial condition is 


V 


PCp dT 1 dT 


J 


k dt ad t 

T(r,0) = Tj 
The boundary conditions are: r)T / dr^ = 0 
= h[T(r o ,t)-T 0O ] 


dT 
-k — 
Or 


< 

< 

< 

< 


(b) The volumetric rate of thermal energy generation is 


q = 


'elec 


500 W 


V 


n (O.OOlrn)” (0.5m) 


= 3.18x10 W/m 


Under steady-state conditions, all of the thermal energy generated within the wire is transferred to the 
air by convection. Performing an energy balance for a control surface about the wire, -E out + E g = 0, 

it follows that -2;rr 0 L q” (r 0 , t —> °° ) + P elec = 0. Hence, 


„. , P p1pr 500 W 

q (r 0 ,t-»°o)_ - - - 

27rr 0 L 2k (0.001m)0.5m 


= 1.59x10 W/m‘ 




COMMENTS: The symmetry condition at r = 0 imposes the requirement that 8T / dr r Q = 0, and 


hence q”(0, t) = 0 throughout the process. The temperature at r Q , and hence the convection heat flux, 
increases steadily during the start-up, and since conduction to the surface must be balanced by 
convection from the surface at all times, |dT / 3r| r _ r also increases during the start-up. 








PROBLEM 3.1 


KNOWN: One-dimensional, plane wall separating hot and cold fluids at T^j and 2 , 
respectively. 

FIND: Temperature distribution, T(x), and heat flux, q", in terms of T^ j, T oo2 > h 1; h 2 , k 
and L. 


SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) Constant 
properties, (4) Negligible radiation, (5) No generation. 

ANALYSIS: For the foregoing conditions, the general solution to the heat diffusion equation 
is of the form, Equation 3.2, 

T(x) = C 1 x + C 2 . (1) 

The constants of integration, C i and C 2 , are determined by using surface energy balance 
conditions at x = 0 and x = L, Equation 2.23, and as illustrated above, 

= h 2 [T(L)-T 00?2 ]. (2,3) 

x=L 


-k" 

dt 


f-n 


:h l[ T ~,l-T(0)] 


-k" 

dx 


For the BC at x = 0, Equation (2), use Equation (1) to find 
-k(C 1 +0) = h 1 [T M ,,-(C 1 0+C 2 )] 
and for the BC at x = L to find 

-k(C 1 +0) = h 2 [(C 1 L + C 2 )-T OOf2 ]. 


(4) 


(5) 


Multiply Eq. (4) by h 2 and Eq. (5) by h |. and add the equations to obtain C |. Then substitute 
C[ into Eq. (4) to obtain C 2 . The results are 

n _ ( T oo,l-Too, 2 ) n _ (Too,!-^,2) ( .y, 

C] — r , , t 1 ^2 — r , , T I ^oo.l 


T( x ) = _ 


1 1 L 

-1-1- 

hi h 2 k 

(Too, 1-^,2) 


1 1 L 

-1-1- 

hi h 2 k 


x 1 

-1- 

k hi 


h l 
+ Too,l- 


1 1 L 

-1-1- 

hi h 2 k 


From Fourier’s law, the heat flux is a constant and of the form 
„ dT ( T oo, 1-Too, 2 ) 

4x =-k— = -kCi=+ r V 


dx 


1 1 L 

-1-1- 

hi h 2 k 


< 




PROBLEM 3.2 

KNOWN: Temperatures and convection coefficients associated with air at the inner and outer surfaces 
of a rear window. 


FIND: (a) Inner and outer window surface temperatures, T s i and T s o , and (b) T SJ and T s>0 as a function of 
the outside air temperature T^, and for selected values of outer convection coefficient, h Q . 

SCHEMATIC: 

^°,o T s,o T s, i ^°,i 

s,i «-A/VY—*WWV—• — vVVW—• * „ 

1/h o L/k 1/h i q 

Tx> \ = 40 °C 
hi = 30 W/m 2 • K 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible radiation 
effects, (4) Constant properties. 

PROPERTIES: Table A-3, Glass (300 K): k = 1.4 W/m-K. 

ANALYSIS: (a) The heat flux may be obtained from Eqs. 3.11 and 3.12, 


uiass 

T = -10 °C ^ ^ ^ ^s,o 

'00,0 „ 

ho = 65 W/m 2 * K 


/ = n nnAm_ 


T . _ T 40°C-(-10°c) 

A oo l A oo O V / 

1 + L + 1 I 0.004 m I 

h o k h i 65w/m“ • K 1-4W/m• K 3Qw/m 2 K 


50 C 


= 968W/ m . 


q = - 9 

(0.0154 + 0.0029 + 0.0333) rn K/W 
Hence, with q" = hj (T^ j -T^ 0 ), the inner surface temperature is 

a" 0 968 W/m 2 

T si =T ooi -^- = 40 C-/--= 7.7 C 

h i 30 w/ m z ■ K 


< 


Similarly for the outer surface temperature with q" = h 0 (T s 0 — T^, 0 ) find 


T = T - — 
h o 


968 W/m 2 
65 W/ m 2 • K 


4.9° C 


< 


(b) Using the same analysis, T vi and T Sj0 have been computed and plotted as a function of the outside air 
temperature, T„, () , for outer convection coefficients of h D = 2, 65, and 100 W/nr-K. As expected, T SJ and 
T Sj0 are linear with changes in the outside air temperature. The difference between T s>i and T s o increases 
with increasing convection coefficient, since the heat flux through the window l ik ewise increases. This 
difference is larger at lower outside air temperatures for the same reason. Note that with h Q = 2 W/m 2 K, 
T s ,i - T s 0 , is too small to show on the plot. 


Continued 




PROBLEM 3.2 (Cont.) 



— A — Tsi; ho = 100 W/m A 2.K 
—*— Tso; ho = 100 W/m A 2.K 
—B— Tsi; ho = 65 W/m A 2.K 
—■— Tso; ho = 65 W/m A 2.K 
- Tsi or Tso; ho = 2W/m A .K 


COMMENTS: (1) The largest resistance is that associated with convection at the inner surface. The 
values of T SJ and T vo could be increased by increasing the value of h ; . 

(2) The IHT Thermal Resistance Network Model was used to create a model of the window and generate 
the above plot. The Workspace is shown below. 

// Thermal Resistance Network Model: 

// The Network: 



// Heat rates into node j.qij, through thermal resistance Rij 
q21 = (T2 - T1) / R21 
q32 = (T3 - T2) / R32 
q43 = (T4 - T3) / R43 

// Nodal energy balances 
ql +q21 =0 
q2 - q21 + q32 = 0 
q3 - q32 + q43 = 0 
q4 - q43 = 0 


/* Assigned variables list: deselect the qi, Rij and Ti which are unknowns; set qi = 0 for embedded nodal points 

at which there is no external source of heat. 7 

TI = Tinfo //Outside air temperature, C 

//qi = // Heat rate, W 

T2 = Tso // Outer surface temperature, C 

q2 = 0 // Heat rate, W; node 2, no external heat source 

T3 = Tsi // Inner surface temperature, C 

q3 = 0 // Heat rate, W; node 2, no external heat source 

T4 = Tinfi // Inside air temperature, C 

//q4 = // Heat rate, W 


// Thermal Resistances: 

R21 = 1 / ( ho * As ) 

R32 = L / ( k * As ) 

R43 = 1 / ( hi * As ) 


// Convection thermal resistance, K/W; outer surface 
// Conduction thermal resistance, K/W; glass 
// Convection thermal resistance, K/W; inner surface 


// Other Assigned Variables: 

Tinfo = -10 // Outside air temperature, C 

ho = 65 // Convection coefficient, W/m A 2.K; outer surface 

L = 0.004 // Thickness, m; glass 

k = 1.4 // Thermal conductivity, W/m.K; glass 

Tinfi = 40 // Inside air temperature, C 

hi = 30 // Convection coefficient, W/m A 2.K; inner surface 

As = 1 // Cross-sectional area, m A 2; unit area 





















PROBLEM 3.3 


KNOWN: Desired inner surface temperature of rear window with prescribed inside and outside air 
conditions. 


FIND: (a) Heater power per unit area required to maintain the desired temperature, and (b) Compute and 
plot the electrical power requirement as a function of 0 for the range -30 < 0 < 0°C with h G of 2, 

20, 65 and 100 W/m 2 K. Comment on heater operation needs for low h Q . If h ~ V n , where V is the 
vehicle speed and n is a positive exponent, how does the vehicle speed affect the need for heater 
operation? 


SCHEMATIC: 



T oo,i 


S,l 


MA/V—tfhAA/W 
UkA 


^ 00,0 


MhjA 


% 


vww—• 

Mh 0 A 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Uniform heater 
flux, , (4) Constant properties, (5) Negligible radiation effects, (6) Negligible film resistance. 


PROPERTIES: Table A-3 , Glass (300 K): k = 1.4 W/m-K. 

ANALYSIS: (a) From an energy balance at the inner surface and the thermal circuit, it follows that for a 
unit surface area, 

T • -T T • — T 

A °o,l A S,1 /r A S,1 A °°,0 
-H C[u —- 

l/h, L/k+l/h 0 

„ 15°C — (~10°c) 25°C-15°C 

qh L/k + l/h 0 l/h j 0-004 m | 1 1 

1.4W/m• K 65w/m 2 K 10w/m 2 -K 

=(1370 —100)w/m 2 =1270 w/m 2 < 

(b) The heater electrical power requirement as a function of the exterior air temperature for different 
exterior convection coefficients is shown in the plot. When h G = 2 W/m” K, the heater is unecessary, 
since the glass is maintained at 15°C by the interior air. If h ~ V n , we conclude that, with higher vehicle 
speeds, the exterior convection will increase, requiring increased heat power to maintain the 15°C 
condition. 



—h = 20 W/m A 2.K 

- h = 65 W/m A 2.K 

—©— h = 100 W/m A 2.K 


COMMENTS: With qj/ = 0, the inner surface temperature with T m () = -10°C would be given by 






T °° a ^ =-—-= -^- = 0.846, or T si =25°C-0.846 (35°c) = -4.6°C. 

T^i-T^o l/h i + L/k + l/h 0 0.118 ’ V ’ 



PROBLEM 3.4 

KNOWN: Curing of a transparent film by radiant heating with substrate and film surface subjected to 
known thermal conditions. 

FIND: (a) Thermal circuit for this situation, (b) Radiant heat flux, q 0 (W/m“), to maintain bond at 
curing temperature, T 0 , (c) Compute and plot as a function of the film thickness for 0 < L f < 1 mm, 
and (d) If the film is not transparent, determine q^ required to achieve bonding; plot results as a function 
of Lf. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat flow, (3) All the radiant heat 
flux q^ is absorbed at the bond, (4) Negligible contact resistance. 


ANALYSIS: (a) The thermal circuit 


r 


for this situation is shown at the right. 


R” v Rf \ R’s 


Note that terms are written on a per unit 

q ’2 ■*- 

— •-AV^-AAA^W - * — 

4j 

area basis. 


Too T s T 0 T-) 



(b) Using this circuit and performing an energy balance on the film-substrate interface, 


4o =41+42 


4o = 


T q -t^ 
Rcv+Rf 


+ 


To-Tj 

R" 


where the thermal resistances are 

R^ v = l/h = 1 / 5 O W/m~ • K = 0.020m~ • K/W 

Rf =L f /k f = 0.00025 m/0.025 W/m • K = 0.010 m“ • K/W 
R' =L s /k s =0.001 m/0.05 W/m -K = 0.020 m 2 K/W 

q' =- (6Q-20) C -+ ( 6Q ~ 3 ^ Q ) C = (133 + 15QQ)w/m" = 2833w/m~ < 

[0.020+ 0.010]m"-K/W 0.020m"-K/W 

(c) For the transparent film, the radiant flux required to achieve bonding as a function of film thickness L f 
is shown in the plot below. 


(d) If the film is opaque (not transparent), the thermal circuit is shown below. In order to find q/ , it is 
necessary to write two energy balances, one around the T s node and the second about the T c node. 

n « 


D" O" D" 

K cv \ K f K s 

•^WV+AVVVMV^-* 


The results of the analyses are plotted below. 


Continued... 




PROBLEM 3.4 (Cont.) 



—x— Opaque film 
- Transparent film 

COMMENTS: (1) When the film is transparent, the radiant flux is absorbed on the bond. The flux 
required decreases with increasing film thickness. Physically, how do you explain this? Why is the 
relationship not linear? 

(2) When the film is opaque, the radiant flux is absorbed on the surface, and the flux required increases 
with increasing thickness of the film. Physically, how do you explain this? Why is the relationship 
linear? 

(3) The IHT Thermal Resistance Network Model was used to create a model of the film-substrate system 
and generate the above plot. The Workspace is shown below. 

// Thermal Resistance Network 
Model: 

// The Network: 


// Heat rates into node j.qij, through thermal resistance Rij 
q21 =(T2-T1)/R21 
q32 = (T3 - T2) / R32 
q43 = (T4 - T3) / R43 

// Nodal energy balances 
ql +q21 =0 
q2 - q21 + q32 = 0 
q3 - q32 + q43 = 0 
q4 - q43 = 0 


qi 


X. 


q2 

R21 N* 

-A/VV^r 


q3 

R32 

-A/W X 



/* Assigned variables list: deselect the qi, Rij and Ti which are unknowns; set qi = 0 for embedded nodal points 

at which there is no external source of heat. 7 

TI = Tinf // Ambient air temperature, C 

//qi = // Heat rate, W; film side 

T2 = Ts // Film surface temperature, C 

q2 = 0 // Radiant flux, W/m A 2; zero for part (a) 

T3 = To //Bond temperature, C 

q3 = qo // Radiant flux, W/m A 2; part (a) 

T4 = Tsub // Substrate temperature, C 

//q4 = //Heat rate, W; substrate side 


// Thermal Resistances: 

R21 = 1 / ( h * As ) 

R32 = Lf / (kf * As) 

R43 = Ls / (ks * As) 


// Convection resistance, K/W 
// Conduction resistance, K/W; film 
// Conduction resistance, K/W; substrate 


// Other Assigned Variables: 

Tinf = 20 // Ambient air temperature, C 

h = 50 // Convection coefficient, W/m A 2.K 

Lf = 0.00025 // Thickness, m; film 

kf = 0.025 // Thermal conductivity, W/m.K; film 

To = 60 //Cure temperature, C 

Ls = 0.001 // Thickness, m; substrate 

ks = 0.05 // Thermal conductivity, W/m.K; substrate 

Tsub = 30 //Substrate temperature, C 

As = 1 // Cross-sectional area, m A 2; unit area 



























PROBLEM 3.5 

KNOWN: Thicknesses and thermal conductivities of refrigerator wall materials. Inner and outer air 
temperatures and convection coefficients. 

FIND: Heat gain per surface area. 

SCHEMATIC: 


‘Refrigerated 


0.050 m 


|<- Lp 


Tco.i = 4°C 
h| = 5 W/m 2 -K 

Insulation 

ki = 0.046 W/rn-K 


0.003 m 


' Ambient air. 


Vo = 25°C 
h 0 = 5 W/m 2 -K 

Panel (2) 
k p = 60 W/m-K 


1/hi Lp/kp Lj/kj Lp/kp 1/h 0 


ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3) Negligible 
contact resistance, (4) Negligible radiation, (5) Constant properties. 

ANALYSIS: From the thermal circuit, the heat gain per unit surface area is 

T -T 

//_ °°,1 
q _ (l/h i ) + (L p /k p ) + (L i /k i ) + (L p /k p ) + (l/h 0 ) 

, = _ (25 -4)°C _ 

2^1/5 W/m 2 K) + 2(0.003m/60W/mK) + (0.050m/0.046W/mK) 

21°C 0 

q" = ---= 14.1 W/m 2 < 

(0.4 + 0.0001 +1.087) m 2 • K / W 


COMMENTS: Although the contribution of the panels to the total thermal resistance is negligible, 
that due to convection is not inconsequential and is comparable to the thermal resistance of the 
insulation. 




PROBLEM 3.6 


KNOWN: Design and operating conditions of a heat flux gage. 

FIND: (a) Convection coefficient for water flow (T s = 27°C) and error associated with neglecting 
conduction in the insulation, (b) Convection coefficient for air flow (T s = 125°C) and error associated 
with neglecting conduction and radiation, (c) Effect of convection coefficient on error associated with 
neglecting conduction for T s = 27°C. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Constant k. 


ANALYSIS: (a) The electric power dissipation is balanced by convection to the water and conduction 
through the insulation. An energy balance applied to a control surface about the foil therefore yields 


^elec Oconv + Ocond ^ (^s ^°o ) + k (T s T b )/L 


Hence, 


h = 


Pgjec -k(T s -T b )/L _ 2000W/m 2 -0.04W/m• K(2K) 0.01 m 


T -T 

A s A oo 


2K 


(2000 -8) W/m" / 7 

h=--—-= 996W/m i '-K 

2K 


< 


If conduction is neglected, a value of h = 1000 W/m-K is obtained, with an attendant error of (1000 - 
996)/996 = 0.40% 

(b) In air, energy may also be transferred from the foil surface by radiation, and the energy balance 
yields 


Pelec Ocoiiv + 9rad + Ocond h (^s ^ ) + £<J T sur j + k (T s T b ) jh 

Hence, 

^elec — (t s — T sur j — k (T s — ) L 

h =----- 

T -T 

A s A oo 

2000 w/m 2 - 0. 15 x5.67 x 10“ 8 w/m 2 • K 4 ^398 4 - 298 4 j K 4 - 0.04 W/m • K (100 K) / 0.01 m 

100 K 

(2000-146 -400) W/m 2 / 2 

= --—-= 14.5 W/m*" • K 

100 K 


Continued... 


































PROBLEM 3.6 (Cont.) 


If conduction, radiation, or conduction and radiation are neglected, the corresponding values of h and the 
percentage errors are 18.5 W/m 2 K (27.6%), 16 W/m 2 K (10.3%), and 20 W/m 2 K (37.9%). 

(c) For a fixed value of T s = 27°C, the conduction loss remains at qcond = 8 W/m 2 , which is also the 
fixed difference between P^| ec and q£ onv . Although this difference is not clearly shown in the plot for 
10 < h < 1000 W/m 2 K, it is revealed in the subplot for 10 < 100 W/m 2 K. 



Convection coefficient, h(W/m A 2.K) 



■ No conduction 
With conduction 


■ No conduction 
With conduction 


Errors associated with neglecting conduction decrease with increasing h from values which are 
significant for small h (h < 100 W/nr-K) to values which are negligible for large h. 

COMMENTS: In liquids (large h), it is an excellent approximation to neglect conduction and assume 
that all of the dissipated power is transferred to the fluid. 





PROBLEM 3.7 


KNOWN: A layer of fatty tissue with fixed inside temperature can experience different 
outside convection conditions. 


FIND: (a) Ratio of heat loss for different convection conditions, (b) Outer surface 
temperature for different convection conditions, and (c) Temperature of still air which 
achieves same cooling as moving air (wind chill effect). 


SCHEMATIC: 




T S1 = 3b°C ■ 
Fatty tissue 




i—T 

1 'S,2. 

I 

-< 

1 

1 

1 


A. _> 

1 


Q" 1 

In" w 

1 1 conv 


T W = ~15°C 

/)= 25 1 ^/ 70 *- 0 C, or 

h-65 W/m 3 - ■ °C 


ASSUMPTIONS: (1) One-dimensional conduction through a plane wall, (2) Steady-state 
conditions, (3) Homogeneous medium with constant properties, (4) No internal heat 
generation (metabolic effects are negligible), (5) Negligible radiation effects. 

PROPERTIES: Table A-3, Tissue, fat layer: k = 0.2 W/m-K. 

ANALYSIS: The thermal circuit for this situation is 

T T T 

ls il - —-2 _► 

L/kA l/h A 9 


Hence, the heat rate is 

_ Vi —T^ _ T s ,l -Too 

q_ R tot _ L/kA + l/hA 


Therefore, 


Ocalm 


L 1 

-1- 

k h 


windy 


// 

0 windy 

l r 

—1— 



k h_ 

calm 


Applying a surface energy balance to the outer surface, it also follows that 


Ocond = dconv • 


Continued 





Hence, 


PROBLEM 3.7 (Cont.) 


L 


(T s ,l-T s , 2 ) = h(T s , 2 - 


T + - 

1 oo • 


Ts,2 = 


hL 


L s,l 


1 + 


hL 



To determine the wind chill effect, we must determine the heat loss for the windy day and use 
it to evaluate the hypothetical ambient air temperature, T^, which would provide the same 
heat loss on a calm day, Hence, 


l s,l 


l s,l 


-T' 

1 no 


fL 

ll 


fL 

ll 

- + - 


- + - 

Lk 

hj 

windy 

Lk 

hj 


calm 


From these relations, we can now find the results sought: 


(a) 


0.003 m 


- + 


1 


Ocalm _ 0-2 W/m-K 65 W/m 2 -K _ 0-015+ 0.0154 


0 windy Q - QQ3m + 


0.015 + 0.04 


0.2 W/m-K 25 W/m 2 ■ K 


(c) 


Ocalm 

// 

0 windy 


: 0.553 


-15 C + 


(b) T s _ 2 ] 


0.2 W/m-K 

(25 W/m 2 -k)( 0.003 m) 


36 C 


calm 


1 + 


0.2 W/m-K 


= 22.1°C 


-15 C + 


(25 W/m 2 -k)( 0.003 m) 
0.2 W/m-K 


T s 2 1 . 


65 W/m z ■ K 


) (0.003m) 


36° C 


windy 


1 + 


0.2 W/m ■ K 


10.8 C 


65 W/m z ■ K 


) (0.003m) 


, o , x o (0.003/0.2 + 1/25) 

T^=36 C-(36 + 15) C 7 - - - -56.3 C 

v ’ (0.003/0.2 + 1/65) 


< 


< 


< 


< 


COMMENTS: The wind chill effect is equivalent to a decrease of T S; 2 by 11.3°C and 
increase in the heat loss by a factor of (0.553) 1 = 1.81. 



PROBLEM 3.8 


KNOWN: Dimensions of a thermopane window. Room and ambient air conditions. 

FIND: (a) Heat loss through window, (b) Effect of variation in outside convection coefficient for 
double and triple pane construction. 


SCHEMATIC (Double Pane): 



hjA 


k gA 


k a A 


kgA 


h 0 A 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Constant 
properties, (4) Negligible radiation effects, (5) Air between glass is stagnant. 


PROPERTIES: Table A-3 , Glass (300 K): kg = 1.4 W/m-K; Table A-4 , Air (T = 278 K): k a = 
0.0245 W/m-K. 


ANALYSIS: (a) From the thermal circuit, the heat loss is 


q= 


X 


oo x A oo o 


T 


1 

A 



A 


J 


20° C -1 

(- 10 °c) 

( \ 

1 

( 1 0.007 m 

0.007 m 0.007 m 1 1 

_L_ _l_ 

0.4 m“ J 

[l0w/m 2 -K 1-4 W/m • K 0.0245W/m-K 1.4W/m-K 8 0w/m 2 -Kj 


_30/C_ 

(0.25 + 0.0125 + 0.715 + 0.0125 + 0.03125) K/W 


30° C 

1.021 K/W 


= 29.4 W 


< 


(b) For the triple pane window, the additional pane and airspace increase the total resistance from 
1.021 K/W to 1.749 K/W, thereby reducing the heat loss from 29.4 to 17.2 W. The effect of h Q on the 
heat loss is plotted as follows. 



Continued... 




PROBLEM 3.8 (Cont.) 


Changes in h G influence the heat loss at small values of h Q , for which the outside convection resistance 
is not negligible relative to the total resistance. However, the resistance becomes negligible with 
increasing h G , particularly for the triple pane window, and changes in h Q have little effect on the heat 
loss. 

COMMENTS: The largest contribution to the thermal resistance is due to conduction across the 
enclosed air. Note that this air could be in motion due to free convection currents. If the 
corresponding convection coefficient exceeded 3.5 W/m" K, the thermal resistance would be less than 
that predicted by assuming conduction across stagnant air. 



PROBLEM 3.9 


KNOWN: Thicknesses of three materials which form a composite wall and thermal 
conductivities of two of the materials. Inner and outer surface temperatures of the composite; 
also, temperature and convection coefficient associated with adjoining gas. 


FIND: Value of unknown thermal conductivity, kg. 

SCHEMATIC: 

rT s . o =20°C 


T s ; =600°C~ 


L a = 0.3m 


T m = 800° C 
h=25W/mz-K 




«ev* 








Lg = L c = 0.15m 
k A =20W/m-K 
k c = 50 \N/m K 




->K- 


L 1 / ' 

‘-B L C 


V 7s,o 

± J=*_ 1b. Ac 

A A k A A k B A k c A 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant 
properties, (4) Negligible contact resistance, (5) Negligible radiation effects. 

ANALYSIS: Referring to the thermal circuit, the heat flux may be expressed as 


T S ,i - T s Q _ (600-20)° C _ 

^ La Lg Lq 0.3 m 0.15 m 0.15 m 

k A + k B _ kc 20 W/m - K k B 50 W/m ■ K 

// 580 2 

q =-W/m . 

0.018+0.15/kg 

The heat flux may be obtained from 

q"=h (T^ - T s j) = 25 W/m 2 ■ K (800-600)° C 


q"=5000 W/m 2 . 


Substituting for the heat flux from Eq. (2) into Eq. (1), find 


0.15 

k B 


580 


-0.018 


COA 

——-0.018 = 0.098 
5000 


kg =1.53 W/m- K. 


( 1 ) 

( 2 ) 


< 


COMMENTS: Radiation effects are likely to have a significant influence on the net heat 
flux at the inner surface of the oven. 



PROBLEM 3.10 


KNOWN: Properties and dimensions of a composite oven window providing an outer surface safe- 

2 

to-touch temperature T s 0 = 43°C with outer convection coefficient h 0 = 30 W/m K and £ = 0.9 when 
the oven wall air temperatures are T w = T a = 400°C. See Example 3.1. 

FIND: Values of the outer convection coefficient h 0 required to maintain the safe-to-touch condition 
when the oven wall-air temperature is raised to 500°C or 600°C. 

SCHEMATIC: 



La = 41.8 mm 
T s j, a = 0.9 


- > [ < ■- Lb = 20.9 mm 


= 500 or 600°C 


\ 


Ta T w | 


tt 


h, = 25 W/m 2 -K 


1 S,0 


tt 


43°C, £ = 0.9 

T w ,o = 25°C 


Too = 25°C 
h 0 = ? 


A, k A = 0.15 W/m-K 




B, k B = 0.08 W/m-K 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in window with no 
contact resistance and constant properties, (3) Negligible absorption in window material, (4) 
Radiation exchange processes are between small surface and large isothermal surroundings. 

ANALYSIS: From the analysis in the Ex. 3.1 Comment 2, the surface energy balances at the inner 
and outer surfaces are used to determine the required value of h Q when T so = 43°C and T w j = T a = 
500 or 600°C. 


£0 





(L A /k A )+( L B /k B) 


T -T 

1 s,i x s,o 


(L A /k A )+( L B /k B) 


= £Ct| r 


s,o 




Using these relations in IHT, the following results were calculated: 

T Wji , T S (°C) T si (°C) h G (W/m 2 -K) 

400 392 30 

500 493 40.4 

600 594 50.7 


COMMENTS: Note that the window inner surface temperature is closer to the oven air-wall 
temperature as the outer convection coefficient increases. Why is this so? 



PROBLEM 3.11 


KNOWN: Drying oven wall having material with known thermal conductivity sandwiched between thin 
metal sheets. Radiation and convection conditions prescribed on inner surface; convection conditions on 
outer surface. 

FIND: (a) Thermal circuit representing wall and processes and (b) Insulation thickness required to 
maintain outer wall surface at T 0 = 40°C. 

SCHEMATIC: 


q‘rad = 100 W/m 2 



Too.i = 300°C 
hi = 30 W/m 2 -K 



Insulation, k = 0.05 W/m-K 


T 0 = 40°C 


Vo = 25°C 
h 0 = 10 W/m 2 -K 


'00,1 


T 


00,0 


R’cv,i ^ Red Rcv,o 
4 rad 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wall, (3) Thermal 
resistance of metal sheets negligible. 

ANALYSIS: (a) The thermal circuit is shown above. Note labels for the temperatures, thermal 
resistances and the relevant heat fluxes. 


(b) Perform energy 

T -T 

A °°,l 


uurunv/V/o 


R 


cv,i 


+ V^- L + qrad=° 
K cd 


(1) 


Tj-Tp | T oo , o -T o _ 0 

Red Rcv,o 

where the thermal resistances are 

Rcv,i = 1 / hj =0.0333 m 2 K/W 

Red = L/k = L/0.05 m 2 K/W 

R cv,o = 1/h o =0.0100 m 2 K/W 

Substituting numerical values, and solving Eqs. (1) and (2) simultaneously, find 
L = 86 mm 


( 2 ) 

(3) 

(4) 

(5) 

< 


COMMENTS: (1) The temperature at the inner surface can be found from an energy balance on the 
i-node using the value found for L. 


■ — T. T — T- 
,1 A 1 1 oo,o A 1 


R " 


- + 


Rcd+Rc 


' + Orad _ 0 


Tj = 298.3°C 


CV,1 


It follows that Tj is close to Tooj since the wall represents the dominant resistance of the system. 

^ 2 2 

(2) Verify that qj = 50 W / m z and q Q = 150 W / m . Is the overall energy balance on the system 
satisfied? 



PROBLEM 3.12 


KNOWN: Configurations of exterior wall. Inner and outer surface conditions. 
FIND: Heating load for each of the three cases. 

SCHEMATIC: 


Case (a) 

1 

1 

Case (b) 

1 

1 

Case (b) 


Lp Lf L w 


10 mm -*| |*- 50 mm |^10i 




hj = 5 W/m 2 -K 
/ = 20 °C 


h Q = 15 W/rrT-K 
T a o,o = -15 °C 



Glass ( g) 


ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Constant properties, (4) 
Negligible radiation effects. 

PROPERTIES: (T = 300 K): Table A.3 : plaster board, k p = 0.17 W/m-K; urethane, k f = 0.026 W/m-K; 
wood, k w = 0.12 W/m-K; glass, kg = 1.4 W/m-K. Table A.4: air, k a = 0.0263 W/m-K. 

ANALYSIS: (a) The heat loss may be obtained by dividing the overall temperature difference by the 
total thermal resistance. For the composite wall of unit surface area, A = 1 nr, 

q = 


T • -T 

A oo ? i oo,0 


q = 


[(l/hi) + (L P /k p ) + (L f /k f ) + (L w /k w ) + (l/h 0 )]/A 
20°C-(-15°c) 


(0.2 + 0.059 +1.92 + 0.083 + 0.067 ) m 2 • k/w 


lm 


35 C 

q =-= 15.0 W 

2.33 K/W 

(b) For the single pane of glass, 
T -T 

°°,1 o °,0 


q = 


[(l/hf ) + (L g /k g ) + (l/h 0 )]/ 
35° C 


35 C 


q = T-4- ]—■ 

(0.2 + 0.002 + 0.067)m • K/W 
(c) For the double pane window, 

q = 


lm 


2 0.269 K/W 


-= 130.3 W 


T ■ -T 

a oo 9 1 oo ? 0 


[(l/hi) + 2 (L g /k g ) + (L a /k a ) + (l/h G )] 


< 


< 


q 


35 C 


(0.2 + 0.004 + 0.190 + 0.067)m 2 -K/W 


lm* 


35° C 

0.461 K/W 


75.9 W 


< 


COMMENTS: The composite wall is clearly superior from the standpoint of reducing heat loss, and the 
dominant contribution to its total thermal resistance (82%) is associated with the foam insulation. Even 
with double pane construction, heat loss through the window is significantly larger than that for the 
composite wall. 








PROBLEM 3.13 


KNOWN: Composite wall of a house with prescribed convection processes at inner and 
outer surfaces. 

FIND: (a) Expression for thermal resistance of house wall, R tot ; (b) Total heat loss, q(W); (c) 
Effect on heat loss due to increase in outside heat transfer convection coefficient, h Q ; and (d) 
Controlling resistance for heat loss from house. 


SCHEMATIC: 


Plaster board, k p F;i3er jass b/ankcf fakg/ms), k b 
A = 35*0777*— —Pi!wood siding, k s 


A/ = 30 

7/ =20°C tff 


11 f /, o= 6Q\NIt7i z -K , T 0 = ~15°C 


Lp-10mm -|<->| *L b =10Qm m^ H 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) 
Negligible contact resistance. 

PROPERTIES: Table A-3, (f = (Tj +T 0 )/2 = (20-15)° C/2=2.5°C « 300k) : Fiberglass 

blanket, 28 kg/m 3 , k b = 0.038 W/m-K; Plywood siding, k s = 0.12 W/m-K; Plasterboard, k p = 
0.17 W/m-K. 

ANALYSIS: (a) The expression for the total thermal resistance of the house wall follows 
from Eq. 3.18. 

R tot = —— f — 2 - + -^- + -^- + —*—. < 

hjA k p A k b A k s A h 0 A 

(b) The total heat loss through the house wall is 

q = AT/R tot = (Tj — T 0 ) / R tot . 

Substituting numerical values, find 


Rtot _ 


Rtot 


1 0.01m 0.10m 


30W/m 2 ■ Kx350m 2 0.17W/m-Kx350m 2 0.038W/m-Kx350m 2 

0 .02m 1 


0.12W/m Kx350m 2 60W/m 2 ■ Kx350m 2 

[9.52 + 16.8 + 752 + 47.6 + 4.76]xl0~ 5 °C/W = 831xl0 -5 °C/W 


The heat loss is then, 

q=[20-(-15)]°C/831xl0‘ 5 °C/W=4.21 kW. < 

(c) If h Q changes from 60 to 300 W/nC-K, R 0 = l/h 0 A changes from 4.76 x 10 5 °C/W to 0.95 

x 10 5 °C/W. This reduces R tot to 826 x 10 5 °C/W, which is a 0.5% decrease and hence a 
0.5% increase in q. 


(d) From the expression for R tot in part (b), note that the insulation resistance, L b /k b A, is 
752/830 = 90% of the total resistance. Hence, this material layer controls the resistance of the 
wall. From part (c) note that a 5-fold decrease in the outer convection resistance due to an 
increase in the wind velocity has a negligible effect on the heat loss. 




PROBLEM 3.14 


KNOWN: Composite wall of a house with prescribed convection processes at inner and 
outer surfaces. 

FIND: Daily heat loss for prescribed diurnal variation in ambient air temperature. 

SCHEMATIC: 


zPlaster board ' k 


^_A=200 wj* 

Inside 

A; =3 OVV/w a -/(TTT 

4,; =20°C 



Fiberglass blanket (28kglm 3 ) t kb 

Plywood sidinq t k s 
h o = 60 \Nlm*-’k 

T mi o =213+5sin (W j) 0±t±12h 


Lp =10mm ' " 4 *— ^L(=100mmb~ 


I Too, o=273+ll sin(!& t) ll-t-24h 

*T~L s =2-0mm 


ASSUMPTIONS: (1) One-dimensional, steady-state conduction (negligible change in wall 
thermal energy storage over 24h period), (2) Negligible contact resistance. 

PROPERTIES: Table A-3 , T ~ 300 K: Fiberglass blanket (28 kg/m^), kj, = 0.038 W/m-K; 
Plywood, k s = 0.12 W/m-K; Plasterboard, kp = 0.17 W/m-K. 


ANALYSIS: The heat loss may be approximated as Q 


24h T . _ t 

f ^00,1 ^00,0 


R 


dt where 


tot 


^tot . 

A 


R-tot — 


1 L 

-h - 

k s h 0 


200m 


P t L b ! L s t 1 
k 

1 


0.01m 
+-+ - 


0.1m 


0.02m 
- +-+ - 


R tot = 0.01454 K/W. 
Hence the heat rate is 


Q 


.30 W/m 2 • K 0.17 W/m-K 0.038 W/m-K 0.12 W/m-K 60W/hi 2 -kJ 


R 


tot 


12h 

|- 

1 

293- 

. 0 

- 


2 K 

273 + 5 sin —t 
24 


24h 


dt + 


12 


293- 


2 K 

273 + 11 sin —t 
24 


dt 


W 

Q = 68.8 — ■ 
K 


[ r e 

"24" 

2nt 

12 


"24" 

27lt 

20t+5 


cos- 

+ 

20 t+ll 


cos- 

li 

2 n _ 

24 . 

0 

. 

2 n _ 

24 


24 

12 


K-h 


[ 240 + — (-1-1) 

+ 

132 11 

480 240+ (1 + 1) 

IL n J 


L n JJ 


Q = 68.8 
Q = 68.8 {480-38.2+84.03} W-h 


■W-h 


Q=36.18 kW -h=1.302xl0 8 J. < 

COMMENTS: From knowledge of the fuel cost, the total daily heating bill could be 
determined. For example, at a cost of 0.10$/kW-h, the heating bill would be $3.62/day. 



PROBLEM 3.15 

KNOWN: Dimensions and materials associated with a composite wall (2.5m x 6.5m, 10 studs each 
2.5m high). 

FIND: Wall thermal resistance. 


SCHEMATIC: 


T x l 


. - _—H 


JInsu/at/on 
&/ass fiber } . 
paper faced (D) jj 
( 28 kg/m 3 ) 


T 

Om 

A. 


130mm -L e , L d 


Hardwood siding (A) 
22 8mm =/_a 


d-Omm 
- Hardwood (B) 

>T /!2mm = L c 
5- G-ypsum (C) 


ASSUMPTIONS: (1) Steady-state conditions, (2) Temperature of composite depends only on x 
(surfaces normal to x are isothermal), (3) Constant properties, (4) Negligible contact resistance. 

PROPERTIES: Table A-3 (T ~ 300K): Hardwood siding, = 0.094 W/m-K; Hardwood, 

3 

kg = 0.16 W/m-K; Gypsum, k^ = 0.17 W/m-K; Insulation (glass fiber paper faced, 28 kg/m ), 
k D = 0.038 W/m-K. 

ANALYSIS: Using the isothermal surface assumption, the thermal circuit associated with a single 
unit (enclosed by dashed lines) of the wall is 

L ,/k„A, 


( L A /k A A A) = 

(L B /k B A B ) = 

( L D /k D A D) = 

( L c /k c A c)= 



^■a / kfy. A a 


1-J3 lki> A x> 

0.008m 


0.094 W/m-K (0.65mx2.5m) 
0.13m 


: 0.0524 K/W 


0.16 W/m-K (0.04mx2.5m) 
0.13m 

0.038 W/m ■ K(0.61mx2.5m) 
0 .012m 


= 8.125 K/W 


2.243 K/W 


= 0.0434 K/W. 


0.17 W/m ■ K(0.65mx2.5m) 

The equivalent resistance of the core is 

R eq =( 1/r B +1 / r d) _1 = (l/B.125 + l/2.243r 1 =1.758 K/W 
and the total unit resistance is 

R tot, 1 =r A +R eq +R C = 1 -854 K/W. 

With 10 such units in parallel, the total wall resistance is 

R tot =(l0xl/R tot l ) _1 =0.1854 K/W. 


COMMENTS: If surfaces parallel to the heat flow direction are assumed adiabatic, the thermal 
circuit and the value of R tot will differ. 


< 






PROBLEM 3.16 

KNOWN: Conditions associated with maintaining heated and cooled conditions within a refrigerator 
compartment. 

FIND: Coefficient of performance (COP). 

SCHEMATIC: 

-7 To o = 20 °C 

-► h = 50 W/m 2 • K 



ASSUMPTIONS: (1) Steady-state operating conditions, (2) Negligible radiation, (3) Compartment 
completely sealed from ambient air. 


ANALYSIS: The Case (a) experiment is performed to determine the overall thermal resistance to heat 
transfer between the interior of the refrigerator and the ambient air. Applying an energy balance to a 
control surface about the refrigerator, it follows from Eq. 1.11a that, at any instant, 

Bg — E out = 0 

Hence, 

Oelec — Clout = 0 

where q out = (t^j -T„ () )/R t . It follows that 


R t = 


T : -T 


A oo x 


°°,0 


(90-25)° C 


= 3.25 C/W 


9 elec 20 W 

For Case (b), heat transfer from the ambient air to the compartment (the heat load) is balanced by heat 
transfer to the refrigerant (q in = q out ). Hence, the thermal energy transferred from the refrigerator over the 
12 hour period is 


Qout — Oout At 9j n At 


T • -T 

x oo 1 x oo O 

Rt 


At 


(25-5)° C, , , 

Q out = ---—(I2hx3600s/h) = 266,000 J 

3.25° C/W 

The coefficient of performance (COP) is therefore 


COP = 


-out 


266,000 


W in 125,000 


= 2.13 


COMMENTS: The ideal (Carnot) COP is 


COP). 


T 


278 K 


ideal 


T h -T c (298-278) K 


= 13.9 


and the system is operating well below its peak possible performance. 


< 












PROBLEM 3.17 


KNOWN: Total floor space and vertical distance between floors for a square, flat roof building. 

FIND: (a) Expression for width of building which minimizes heat loss, (b) Width and number of floors 
which minimize heat loss for a prescribed floor space and distance between floors. Corresponding heat 
loss, percent heat loss reduction from 2 floors. 

SCHEMATIC: 



ASSUMPTIONS: Negligible heat loss to ground. 

ANALYSIS: (a) To minimize the heat loss q, the exterior surface area, A s , must be minimized. From 
Fig. (a) 

A s =W 2 +4WH = W 2 +4WN f H f 

where 

N f =A f /w 2 

Hence, 

A s = W 2 +4WA f H f /W 2 = W 2 + 4A f H f /W 

The optimum value of W corresponds to 

jN = 2W- 4Af ” f =0 

dW W 2 

or 

W op =(2A f H f ) 1/3 < 

The competing effects of W on the areas of the roof and sidewalls, and hence the basis for an optimum, is 
shown schematically in Fig. (b). 

(b) For A f = 32,768 m 2 and H f = 4 m. 


( 2 \l/3 

W Q p = 12x32,768irC x4ml =64m 


< 


Continued 








PROBLEM 3.17 (Cont.) 


Hence, 


Nf _ Af_ 32,768m' _ g 


and 


W 2 (64m) 2 


q = UA S AT = 1W/ m z ■ K 


x2 4x32,768 m z x4m 

( 64m ) +- ~~Za - 

64 m 


25° C = 307,200 W 


For N f = 2, 


W = (Af/N f ) 1/2 = (32,768 m 2 /2) 1/2 = 128 m 


q = 1W/ m ■ K 


, 100 \2 4x32,768m z x4m 

( 128m ) +-7A7- 

128m 


25°C = 512.000W 


% reduction in q = (512,000 - 307,200)/512,000 = 40% 

COMMENTS: Even the minimum heat loss is excessive and could be reduced by reducing U. 



PROBLEM 3.18 


KNOWN: Concrete wall of 150 mm thickness experiences a flash-over fire with prescribed radiant 
flux and hot-gas convection on the fire-side of the wall. Exterior surface condition is 300°C, typical 
ignition temperature for most household and office materials. 

FIND: (a) Thermal circuit representing wall and processes and (b) Temperature at the fire-side of the 
wall; comment on whether wall is likely to experience structural collapse for these conditions. 

SCHEMATIC: 


q'rad = 25 kW/m 2 


Q_Hot g ases 

= 400°C 
h = 200 W/m 2 -K 



Concrete, k = 1.4 W/m-K 

T L = 300°C 


L = 150 mm 


Ocv 


4 rad \ 

Too Vo T l 

-> »-A/\M •rV'A - * 


Rev 


Re 


■cd 


► 

qll 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in wall, (3) Constant 
properties. 

PROPERTIES: Table A-3, Concrete (stone mix, 300 K): k = 1.4 W/m-K. 

ANALYSIS: (a) The thermal cirucit is shown above. Note labels for the temperatures, thermal 
resistances and the relevant heat fluxes. 

(b) To determine the fire-side wall surface temperatures, perform an energy balance on the o-node. 


Too T 0 „ _ Tp T 0 

i '4rad ~ 


R 


cv 


Red 


where the thermal resistances are 


Rc V = 1/hj =1/200 W/m 2 -K = 0.00500 m 2 -K/W 
Red = L/k = 0.150 m/1.4W/m-K = 0.107 m 2 -K/W 


Substituting numerical values, 


(400-T o )K 
0.005 m 2 ■ K/W 


+ 25,000 W/m 2 


(300-T o )K 
0.107 m 2 ■ K/W 


= 0 


T 0 = 515°C < 

COMMENTS: (1) The fire-side wall surface temperature is within the 350 to 600°C range for which 
explosive spalling could occur. It is likely the wall will experience structural collapse for these 
conditions. 

(2) This steady-state condition is an extreme condition, as the wall may fail before near steady-state 
conditions can be met. 



PROBLEM 3.19 


KNOWN: Representative dimensions and thermal conductivities for the layers of fire-fighter’s 
protective clothing, a turnout coat. 

FIND: (a) Thermal circuit representing the turnout coat; tabulate thermal resistances of the layers 
and processes; and (b) For a prescribed radiant heat flux on the fire-side surface and temperature of 
Ti =.60°C at the inner surface, calculate the fire-side surface temperature, T 0 . 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction through the layers, 
(3) Heat is transferred by conduction and radiation exchange across the stagnant air gaps, (3) Constant 
properties. 

PROPERTIES: Table A-4, Air (470 K, 1 atm): k ab = k cd = 0.0387 W/m-K. 

ANALYSIS: (a) The thermal circuit is shown with labels for the temperatures and thermal 
resistances. 


To T a 

— ► *->vw^- 

R air,ab 

rAWAi 

T b T c 

R” 

^air,cd 

rWi 

T d T 

9 rad 


R ’mb 


R ti 


R rad,ab R rad,cd 


The conduction thermal resistances have the form = L/k while the radiation thermal 
resistances across the air gaps have the form 

R" _ 1 _ 1 

K rad - , _ o 

“ rad 4<7Ta V g 

The linearized radiation coefficient follows from Eqs. 1.8 and 1.9 with £ = 1 where T avg represents 
the average temperature of the surfaces comprising the gap 

h rad = ® (^1 + + ^2 ) ~ ^^avg 

For the radiation thermal resistances tabulated below, we used T avg = 470 K. 


Continued 




PROBLEM 3.19 (Cont.) 



Shell 

Air gap 

Barrier 

Air gap 

Liner 

Total 


(s) 

(a-b) 

(mb) 

(c-d) 

(tl) 

(tot) 

; d (m 2 -K/w) 

0.01702 

0.0259 

0.04583 

0.0259 

0.00921 

- 

md(m 2 -K/w) 

— 

0.04264 

- 

0.04264 

- 

- 

ga p ( m 2 -K/w) 

1 - 

0.01611 

- 

0.01611 

- 

- 

total 

— 

— 

- 

- 

- 

0.1043 


From the thermal circuit, the resistance across the gap for the conduction and radiation processes is 
1 _ 1 1 
Rgap _ Red + Rrad 

and the total thermal resistance of the turn coat is 

R tot = R cd,s + R gap,a-b + R cd,mb + R gap,c-d + R cd,tl 

9 

(b) If the heat flux through the coat is 0.25 W/cm , the fire-side surface temperature T 0 can be 
calculated from the rate equation written in terms of the overall thermal resistance. 

q' = (T 0 -Ti)/R[„ t 

2 

T 0 = 66°C + 0.25 W / cm 2 x (lO 2 cm / m)" x 0.1043 m 2 ■ K / W 
T 0 = 327°C 

COMMENTS: (1) From the tabulated results, note that the thermal resistance of the moisture barrier 
(mb) is nearly 3 times larger than that for the shell or air gap layers, and 4.5 times larger than the 
thermal liner layer. 

(2) The air gap conduction and radiation resistances were calculated based upon the average 
temperature of 470 K. This value was determined by setting T avg = (T 0 + Ti)/2 and solving the 
equation set using IHT with k au - = k a j r (T avg ). 



PROBLEM 3.20 

KNOWN: Materials and dimensions of a composite wall separating a combustion gas from 
liquid coolant. 

FIND: (a) Heat loss per unit area, and (b) Temperature distribution. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3) 
Constant properties, (4) Negligible radiation effects. 

PROPERTIES: Table A-l, St. St. (304) (T » 1000K): k = 25.4 W/m-K; Table A-2, 
Beryllium Oxide (T ~ 1500K): k = 21.5 W/m-K. 

ANALYSIS: (a) The desired heat flux may be expressed as 


3 ,1 


>,2 


1 l A o 
— + ^L + R 

h l k A 


t,c 


Lb l 
+ —y-+ — 

k B h 2 


J_ 0.01 

50 + 21.5 


(2600-100)° C 


AAC 0.02 1 

+ 0.05 H-1- 

25.4 1000 


m 2 .K 

W 


q"=34,600 W/m 2 . 

(b) The composite surface temperatures may be obtained by applying appropriate rate 
equations. From the fact that q^hj (T oq _ | -T s j ), it follows that 


q _34,600 W/nC 


Ts,l = Too t “"r - = 2600 C 

h l 50 W/m 2 ■ K 


1908°C. 


With q"= (k^ / L ^) (T s j - T c j), it also follows that 

T c i =T S i _La 4__i908°C- 

c,t s,t ^ 

Similarly, with q'=(T c>1 -T Cj 2 )/Rt, c 


O.Olmx34,600 W/nY 
21.5 W/m-K 


= 1892 C. 


, m 2 ■ K 


W 


t c2 = t c l -R t c q=1892C-0.05-x 34,600— = 162“ C 

W m 2 
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PROBLEM 3.20 (Cont.) 


and with q"= (k B / L B ) (t c 2 - T s>2 ), 


r s,2 = T c,2 “ 


k B 


162 C- 


0.02mx 34,600 W/m z 
25.4 W/m K 


134.6 C. 


The temperature distribution is therefore of the following form: 



COMMENTS: (1) The calculations may be checked by recomputing q from 

q"= h 2 ( t s,2 “Too, 2) = 1000W/m 2 ■ K(134.6-100)° C=34,600W/m 2 

(2) The initial estimates of the mean material temperatures are in error, particularly for the 
stainless steel. For improved accuracy the calculations should be repeated using k values 
corresponding to T ~ 1900°C for the oxide and T ~ 115°C for the steel. 

(3) The major contributions to the total resistance are made by the combustion gas boundary 
layer and the contact, where the temperature drops are largest. 



PROBLEM 3.21 


KNOWN: Thickness, overall temperature difference, and pressure for two stainless steel 
plates. 


FIND: (a) Heat flux and (b) Contact plane temperature drop. 

SCHEMATIC: 

-0.01m 

- Contact 

pressure 1 bar 

T S1 -T sz =100°C 
Stainless steel 



ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3) 
Constant properties. 

PROPERTIES: Table A-l, Stainless Steel (T ~ 400K): k = 16.6 W/m-K. 
ANALYSIS: (a) With R{ c = 15xl0“ 4 m 2 ■ KAV from Table 3.1 and 

L = OOlm- = 6 . 0 2xl0“ 4 m 2 ■ KAV, 

k 16.6 W/m-K 

it follows that 

Rt ot = 2(L/k) + Rt <c ~ 27xl0 _4 m 2 ■ KAV; 


hence 


„ AT 


100° c 


R tot 27xl0' 4 m 2 KAV 
(b) From the thermal circuit, 


= 3.70xl0 4 W/m 2 . 


AT C _ Rt,c _ 15x10 4 m 2 ■ KAV 


T s,l- T s,2 Rtot 27x10'^ KAV 


4 2 


0.556. 


Hence, 


AT C = 0.556 (t s1 -T s 2 ) = 0.556(l00°c) = 55.6°C. 


COMMENTS: The contact resistance is significant relative to the conduction resistances. 
The value of Rj c would diminish, however, with increasing pressure. 



PROBLEM 3.22 


KNOWN: Temperatures and convection coefficients associated with fluids at inner and outer 
surfaces of a composite wall. Contact resistance, dimensions, and thermal conductivities 
associated with wall materials. 

FIND: (a) Rate of heat transfer through the wall, (b) Temperature distribution. 

SCHEMATIC: 


T^-ZOOX T 

hi =10 

kf = 0 . 1 \Njrn-K~ 

H-2m t W~2.5m i A= 5m z j 
L A =0.01m t Lg- 0.02m 



^= 0.04-\N/mK 


T^-lOX 
h z = ZO 


2 

J* D Lg J_ 
AA k A A ^ A; 8 A b 2 A 

R" fc =0.30m 2 -K/W 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) 
Negligible radiation, (4) Constant properties. 

ANALYSIS: (a) Calculate the total resistance to find the heat rate, 

p _ ^ i p Lg l 

K tot -T - r + ^“T + K t,c +-+ 


Rtot 


h, \ k A A kgA h ? A 

1 | 0.01 | 0.3 | 0.02 | 1 

10x5 0.1x5 1” 0.04x5 20x5 


K 


W 

R = [0.02 + 0.02 + 0.06 + 0.10 + 0.011 — = 0.21 — 
tot L J W W 


Tool-Too 2 (200-40)° C 

q =—= ^ -’— = 762 W. 


L tot 

(b) It follows that 

q 


0.21 K/W 


Ts,l - To< 


,1 


T A - T s,1 “ 


hiA 
q L A 


= 200°C- 762 W = 184.8°C 
50W/K 


k A A 


o 762WX 0.01m 

= 184.8 C-= 169.6 C 

W 9 

0.1-x5m 

m-K 


T B =T A -q R u = 1 6 9 .6°C-762 w x0.06 —= 1 23.8°C 

W 


T s,2 “ T B “ 


qLr> o 762W x 0.02m 0 

-L-S- = 123.8 C-= 47.6 C 


k B A 


W 9 

0.04-x5m 

m-K 



T>o, 2 = T s,2 


q o 762W 

4 = 47.6 C-= 40 C 


hoA 


100W/K 




PROBLEM 3.23 


KNOWN: Outer and inner surface convection conditions associated with zirconia-coated, Inconel 
turbine blade. Thicknesses, thermal conductivities, and interfacial resistance of the blade materials. 
Maximum allowable temperature of Inconel. 

FIND: Whether blade operates below maximum temperature. Temperature distribution in blade, with 
and without the TBC. 


SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, steady-state conduction in a composite plane wall, (2) Constant 
properties, (3) Negligible radiation. 

ANALYSIS: For a unit area, the total thermal resistance with the TBC is 


R tot,w = ho 1 + (L/k)^ + R;, c + (L/k) In + hi 1 

Rtot,w =(l0“ 3 +3.85xl0 -4 +10 -4 +2xl0“ 4 +2xl0“ 3 )m 2 -K/W = 3.69xl0“ 3 m 2 -K/W 

With a heat flux of 

„ _T 00 0 -T 00ji 1300K 

4 W H _O O 

Rtot.w 3.69x10 3 ni -K/W 
the inner and outer surface temperatures of the Inconel are 

T s,i(w) = T oo,i + (q' w / h i ) = 400K + (3.52x 10 5 w/m 2 /500 w/m 2 • k) = 1104K 


3.52X10 5 w/m 2 


T s,o(w) = T oo,i+[(l/hi)+( L /k)in] q ; = 400K +( 2 x 10 3 + 2xl0~ 4 )m 2 • K/W (3.52xlO 5 w/m 2 ) = 1174K 


Without the TBC, R' ot wo = h Q 1 + (L/k) m + ^ 1 = 3.20x10 3 m 2 K/w,and q^, 0 = (t^ ^ -T^j )/Rt ot)WO = 

(1300 K)/3.20xl0 3 m 2 K/W = 4.06xl0 5 W/m 2 . The inner and outer surface temperatures of the Inconel 
are then 

T Sti(w o) = Too,i + (qwo/hi) = 400 K + ( 4 .O 6 x 10 5 w/m 2 /500 w/m 2 • k) = 1212 K 

T s,o(wo) = T oo 4 + [(l/h; ) + (L/k) In ]q' wo = 400 K + (2 X 10~ 3 + 2X 10“ 4 ) m 2 ■ k/w (4.O6X IQ 5 w/m 2 ) = 1293 K 


Continued... 



PROBLEM 3.23 (Cont.) 




H 

CD 

ID 

03 

q3 

Q_ 

E 

CD 



Inconel location, x(m) 

■e— With TBC 
— Without TBC 


Use of the TBC facilitates operation of the Inconel below T max = 1250 K. 

COMMENTS: Since the durability of the TBC decreases with increasing temperature, which increases 
with increasing thickness, limits to the thickness are associated with reliability considerations. 




PROBLEM 3.24 

KNOWN: Size and surface temperatures of a cubical freezer. Materials, thicknesses and interface 
resistances of freezer wall. 

FIND: Cooling load. 

SCHEMATIC: 



q L a |/k a i Lins/kins L S (/k S ( 


ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Constant properties. 

PROPERTIES: Table A-l, Aluminum 2024 (-267K): k al = 173 W/m-K. Table A-l, Carbon steel 

AISI 1010 (-295K): k st = 64 W/m-K. Table A-3 (-300K): k ins = 0.039 W/m-K. 

ANALYSIS: For a unit wall surface area, the total thermal resistance of the composite wall is 

d" _ Lai , D " , Lins , o " , L s t 

K tot - i— + K t,c -+ K t,c + ~,— 

Lai Lj ns k st 

„ 0.00635m iri _ 4 m 2 K 0.100m ..-4 m 2 -K 0.00635m 

R tn t =-+ 2.5x10 -+-+ 2.5x10 -+- 

173 W/m-K W 0.039 W/m-K W 64 W/m-K 

Rtot =(3.7xl0 ~ 5 + 2.5xl0 -4 + 2.56 + 2.5xl0“ 4 +9.9xl0 - 5 )m 2 -K/W 

Hence, the heat flux is 

q . r„, r s ,, [22 ( 6)]°C 109 W 

R tot 2.56 m 2 ■ K/W m 2 


and the cooling load is 

q = A s q"’ = 6 W 2 q" = 54m 2 xl0.9 W/m 2 =590W 


< 


COMMENTS: Thermal resistances associated with the cladding and the adhesive joints are 
negligible compared to that of the insulation. 



PROBLEM 3.25 


KNOWN: Thicknesses and thermal conductivity of window glass and insulation. Contact resistance. 
Environmental temperatures and convection coefficients. Furnace efficiency and fuel cost. 

FIND: (a) Reduction in heat loss associated with the insulation, (b) Heat losses for prescribed 
conditions, (c) Savings in fuel costs for 12 hour period. 

SCHEMATIC: 



Rend,' 


Rcnd,i 


oo,i 


Rt 


■t,C 


R’cr 


ASSUMPTIONS: (1) Steady-state, (2) One-dimensional heat transfer, (3) Constant properties. 
ANALYSIS: (a) The percentage reduction in heat loss is 


R = q wo _qwith xl00% = 

q wo 


( " \ 

i 4with 

xl00% = 

^ qwo J 

V 


R 


tot, wo 


A 


Riot, with 


xl00% 


where the total thermal resistances without and with the insulation, respectively, are 

T?" — T3 " , D' , , TJ ^ 1 , R W , 

lv tot,wo — ^cnv.o ' r ^end.w ' r ^cnv.i — , ' r , ' r , 

h Q k w hj 

Rtot,wo = (0-050 + 0-004 + 0-200) m 2 ■ K /W = 0.254 m 2 ■K/W 

R tot, with = R cnv,o + R cnd,w + R t,c + R cnd,ins + R cnv,i = T l ’"i7^ + ^T c + 7“^~ + "i7“ 

K; 


h Q k w 


ms kj 

2 V / WT _ 1 /I OO „,2 


Rtot,with = (0-050 + 0-004 + 0-002 + 0-926 + 0.500)m z ■ K / W = 1.482 m z ■ K / W 


R q = (l-0.254/1.482)xl00% = 82.9% < 

2 

(b) With A s = 12 m , the heat losses without and with the insulation are 

qwo= A s( T oo,i- T oo,o)/ R tot,wo= 12m2 x3 2 °C/0.254m 2 K/W = 1512W < 

Owith = A s (Too,i - Too, 0 )/ R tot,with = 12 m 2 x 32°C /1.482 m 2 ■ K / W = 259 W < 

(c) With the windows covered for 12 hours per day, the daily savings are 

(o wn —dwith) -6 (l512-259)W _t, 

S = wo iwitn / At c xlO 0 MJ / J = --—12h x 3600 s / h x $0.01 / MJ x 10 MJ/J=$0.677 

rj f s 0.8 

COMMENTS: (1) The savings may be insufficient to justify the cost of the insulation, as well as the 
daily tedium of applying and removing the insulation. However, the losses are significant and 
unacceptable. The owner of the building should install double pane windows. (2) The dominant 
contributions to the total thermal resistance are made by the insulation and convection at the inner 
surface. 



PROBLEM 3.26 


KNOWN: Surface area and maximum temperature of a chip. Thickness of aluminum cover 
and chip/cover contact resistance. Fluid convection conditions. 

FIND: Maximum chip power. 

SCHEMATIC: 



L-Zmm 


TL=Z5°C 


t> 'oo 


^ h=1000W/m^’K 




A -1000mm^ -10 fw 2 
R+ c =0.5>d6*m z -KlW 




ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) 
Negligible heat loss from sides and bottom, (4) Chip is isothermal. 

PROPERTIES: Table A.1, Aluminum (T ~ 325 K): k = 238 W/m-K. 

ANALYSIS: For a control surface about the chip, conservation of energy yields 

Eg ~ E ou t = 0 


or 


(T C -T 00 )A 


= 0 


[(L/k) + Rt, c+ (l/h)] 

(85-25)° C(l0' 4 m 2 ) 


L c,max 


L c,max 


(0.002 / 238) +0.5 xlO -4 +(1/1000) 


60xl0“ 4 °C ■ m 2 


m z ■ K/W 


( 8 . 


4xl0' 6 + 0.5xl0“ 4 +10~ 3 |m 2 K/W 


P = s 7 w 

r c,max ' vv • 


< 


COMMENTS: The dominant resistance is that due to convection (R conv > R tc » R CO nd)- 





PROBLEM 3.27 


KNOWN: Operating conditions for a board mounted chip. 

FIND: (a) Equivalent thermal circuit, (b) Chip temperature, (c) Maximum allowable heat dissipation for 

2 2 

dielectric liquid (h D = 1000 W/m“K) and air (h G = 100 W/m“K). Effect of changes in circuit board 
temperature and contact resistance. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible chip 
thermal resistance, (4) Negligible radiation, (5) Constant properties. 

PROPERTI E S: Table A-3, Aluminum oxide (polycrystalline, 358 K): k b = 32.4 W/m-K. 

ANALYSIS: (a) 



(b) Applying conservation of energy to a control surface about the chip (Ej n - ^out _ 0), 

0c -qf-4o =° 

„ _ T c — Lx,,i + T c — Too j0 

^ _ V h i + ( L / k )b +R t,c + l/h 0 

With q" = 3x 10 4 W/m 2 , h G = 1000 W/m 2 K, k b = 1 W/m-K and R[ c = 10“ 4 m 2 • K/W , 

T c - 20° C T c - 20° C 

l/40 + 0.005/1 +10“ 4 ) m 2 • K/W (l/lOOO) m 2 • K/W 

3xl0 4 w/m 2 =(33.2T C -664 + 1000T c -20,000) w/m 2 • K 
1003T C = 50,664 

T c = 49°C. < 

(c) For T c = 85°C and h G = 1000 W/m : K, the foregoing energy balance yields 

q' =67,160 w/m 2 < 

with q/ } = 65,000 W/m 2 and q[ = 2160 W/m 2 . Replacing the dielectric with air (h D = 100 W/m 2 K), the 
following results are obtained for different combinations of k b and R/ c . 



Continued... 





PROBLEM 3.27 (Cont.) 


k b (W/m-K) 

R t,C 

(nr-K/W) 

q" (W/m 2 ) 

q ; (W/m 2 ) 

q ; (W/m 2 ) 

1 

io - 4 

2159 

6500 

8659 

32.4 

io - 4 

2574 

6500 

9074 

1 

icr 5 

2166 

6500 

8666 

32.4 

10' 5 

2583 

6500 

9083 


< 


COMMENTS: 1. For the conditions of part (b), the total internal resistance is 0.0301 m-K/W, while 

2 

the outer resistance is 0.001 nr-K/W. Hence 


%_ = ( 

T c Too,o) 

l/ R o _ 0.0301 _ 

// 

9i 

(t c — Tooj 

|/Rj _ 0.001 ‘ 


and only approximately 3% of the heat is dissipated through the board. 

2. With h 0 = 100 W/m 2 K, the outer resistance increases to 0.01 m 2 K/W, in which case q*/q[ = R[/Rq 
= 0.0301/0.01 = 3.1 and now almost 25% of the heat is dissipated through the board. Hence, although 
measures to reduce R* would have a negligible effect on q” for the liquid coolant, some improvement 
may be gained for air-cooled conditions. As shown in the table of part (b), use of an aluminum oxide 
board increase q” by 19% (from 2159 to 2574 W/m 2 ) by reducing R” from 0.0301 to 0.0253 nr-K/W. 

Because the initial contact resistance (Rj c =10 4 m 2 • K/w ) is already much less than R*, any reduction 

in its value would have a negligible effect on q”. The largest gain would be realized by increasing hi, 
since the inside convection resistance makes the dominant contribution to the total internal resistance. 




PROBLEM 3.28 


KNOWN: Dimensions, thermal conductivity and emissivity of base plate. Temperature and 
convection coefficient of adjoining air. Temperature of surroundings. Maximum allowable 
temperature of transistor case. Case-plate interface conditions. 

FIND: (a) Maximum allowable power dissipation for an air-filled interface, (b) Effect of convection 
coefficient on maximum allowable power dissipation. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Negligible heat transfer from the enclosure, to the 
surroundings. (3) One-dimensional conduction in the base plate, (4) Radiation exchange at surface of 
base plate is with large surroundings, (5) Constant thermal conductivity. 

5 2 

PROPERTIES: Aluminum-aluminum interface, air-filled, 10 pm roughness, 10 N/m contact 
pressure (Table 3.1): R[ c = 2.75x10 ^m 2 K/W. 

ANALYSIS: (a) With all of the heat dissipation transferred through the base plate, 


Pelec ~ c \ ~ 


T -T 

A S,C x oo 


R 


tot 


( 1 ) 


where R tot -Rpc + R C nd + [(l^cnv ) + (l / R ra d )] 


R - R " c + L + 1 
R to t --+-“ + ' 


A c kW 2 W 2 


f 1 A 

h + h r 


and 


^r — £<J (T s ,p + T sur j (t s , p + T sur j 


( 2 ) 

(3) 


To obtain T s>p , the following energy balance must be performed on the plate surface, 

q = X . = q cnv +<lrad = hW 2 (T s>p - T„ ) + h r W 2 (T s>p - T sur ) (4) 

K t,c +K cnd 

With R t c = 2.75 x 10' 4 m 2 -K/W/2xlO' 4 m 2 = 1.375 K/W, R cnd = 0.006 m/(240 W/m K x 4 x 10" 4 m 2 ) 
= 0.0625 K/W, and the prescribed values of h, W, T M = T sur and £, Eq. (4) yields a surface 
temperature of T s>p = 357.6 K = 84.6°C and a power dissipation of 


Continued 






PROBLEM 3.28 (Cont.) 


P elec =q = 0.268 W < 


The convection and radiation resistances are R cn v = 625 m-K/W and R ra( i = 345 m-K/W, where h r = 
7.25 W/m 2 K. 

(b) With the major contribution to the total resistance made by convection, significant benefit may be 
derived by increasing the value of h. 

| 

O 
0 
0 
Q_ 

c 
o 

03 
Q. 

0 
(/) 

T3 

0 
£ 

O 
Q_ 


For h = 200 W/m 2 -K, R cnv = 12.5 m-K/W and T s , p = 351.6 K, yielding R rad = 355 m-K/W. The effect 
of radiation is then negligible. 

COMMENTS: (1) The plate conduction resistance is negligible, and even for h = 200 W/irT-K, the 
contact resistance is small relative to the convection resistance. However, R t c could be rendered 
negligible by using indium foil, instead of an air gap, at the interface. From Table 3.1, 

Rj c =0.07x10 ^irC-K/W, in which case R t c = 0.035 m-K/W. 

2 

(2) Because A c < W , heat transfer by conduction in the plate is actually two-dimensional, rendering 
the conduction resistance even smaller. 



0 20 40 60 80 1 00 1 20 1 40 1 60 1 80 200 
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PROBLEM 3.29 

KNOWN: Conduction in a conical section with prescribed diameter, D, as a function of x in 
the form D = ax^ 2 . 

FIND: (a) Temperature distribution, T(x), (b) Heat transfer rate, q x . 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x- 
direction, (3) No internal heat generation, (4) Constant properties. 

PROPERTIES: Table A-2, Pure Aluminum (500K): k= 236 W/m-K. 

ANALYSIS: (a) Based upon the assumptions, and following the same methodology of 
Example 3.3, q x is a constant independent of x. Accordingly, 


q x = -kA 


dT 

dx 



/ 4 


dT 

dx 


( 1 ) 


2 1/2 

using A = 71D /4 where D = ax . Separating variables and identifying limits, 


4q> 


r -=-j. 

Jxi Y J 


x a 2 k Jx l x 


T 


Tl 


dT. 


( 2 ) 


Integrating and solving for T(x) and then for T 2 , 

,.jl T2 = T| _J3x 

X 1 


T( X ) = T 1 


% a 2 k 


K a 2 k 


In — . 
X 1 


(3,4) 


Solving Eq. (4) for q x and then substituting into Eq. (3) gives the results, 

qx=-^ 2 k(T,-T 2 )/ln(x 1 /x 2 ) (5) 

T(x) = T,+(T,-T 2 ) i 4i^lE. < 

From Eq. (1) note that (dT/dx) x = Constant. It follows that T(x) has the distribution shown 
above. 

(b) The heat rate follows from Eq. (5), 

w o W 23 

q x =—x0.5 2 mx236-(600-400)K/ln-= 5.76kW. < 

4 m-K 125 



PROBLEM 3.30 


KNOWN: Geometry and surface conditions of a truncated solid cone. 

FIND: (a) Temperature distribution, (b) Rate of heat transfer across the cone. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x, (3) 
Constant properties. 

PROPERTIES: Table A-l, Aluminum (333K): k = 238 W/m-K. 


ANALYSIS: (a) From Fourier’s law, Eq. (2.1), with A=7 tD 2 /4 = {k a 2 /4-jx 3 , it follows that 


4q x dx _ 


2 3 
K a x J 


=-kdT. 


Hence, since q x is independent of x, 

^ f dT 

Jxi _.3 JTj 


or 


Hence 


n a 2 x l x 3 
4q 


n a 2 L 2x 


1 


x l 


= -k(T-Tj). 


T = T! + 


2q? 


K a 2 k 


1 _ 1 

“T _ ~ 2~ 

x x 1 


(b) From the foregoing expression, it also follows that 

T 2 -T 1 


q x =■ 


n a 2 k 


K 


q x = 


2 

I/X 2 -l/x 2 

K 

|238 W/m-K 


X 


(20-100)° C 


(0.225) 2 -(0.075) 2 


m 


q x =189 W. < 

COMMENTS: The foregoing results are approximate due to use of a one-dimensional model 
in treating what is inherently a two-dimensional problem. 



PROBLEM 3.31 


KNOWN: Temperature dependence of the thermal conductivity, k. 
FIND: Heat flux and form of temperature distribution for a plane wall. 

SCHEMATIC: 



k 0 + aT 

^>75 

(arbitrary 

selection) 



ASSUMPTIONS: (1) One-dimensional conduction through a plane wall, (2) Steady-state 
conditions, (3) No internal heat generation. 

ANALYSIS: For the assumed conditions, q x and A(x) are constant and Eq. 3.21 gives 


qx I 0 L dx = ( k o + aT K 1 


Ti 


q x 


i 

L 


kolTo-TO + K^-Tj 2 ) 


From Fourier’s law, 

q x =-(k 0 +aT) dT/dx. 


Hence, since the product of (k 0 +aT) and dT/dx) is constant, decreasing T with increasing x 
implies, 

a > 0: decreasing (k 0 +aT) and increasing IdT/dxl with increasing x 
a = 0: k = k Q => constant (dT/dx) 

a < 0: increasing (k 0 +aT) and decreasing IdT/dxl with increasing x. 

The temperature distributions appear as shown in the above sketch. 



PROBLEM 3.32 


KNOWN: Temperature dependence of tube wall thermal conductivity. 

FIND: Expressions for heat transfer per unit length and tube wall thermal (conduction) 
resistance. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) 
No internal heat generation. 

ANALYSIS: From Eq. 3.24, the appropriate form of Fourier’s law is 

, . dT , T \ dT 
q r = -kA r — = -k(27T rL) — 
r r dr v 'dr 

, 0 , dT 

q r = -2k kr — 
r dr 

1 rp 

q^- = —2k rk 0 (l + aT) —. 

dr 

Separating variables, 

“-^(l + aTjdT 

2 k r 

and integrating across the wall, find 


Ik -T r 

--^-ln — = k c 
2k rj 

--^-ln — = k c 
2k n 


T + 


aT- 


Ti 

(T 0 -T i )+|(T 0 2 -T i 2 ) 
(T„-Ti) 


q^- = - 2 ;rk c 


1 + -(T 0 +Tj) 


J 11 ( r u / ' I ) 


It follows that the overall thermal resistance per unit length is 


r;=^=— 

% 2kK 


ln(r 0 /q) 


1+ 2 (T 0 +Ti) 


COMMENTS: Note the necessity of the stated assumptions to treating q^ as independent of r. 



PROBLEM 3.33 


KNOWN: Steady-state temperature distribution of convex shape for material with k = k Q (l + 

aT) where a is a constant and the mid-point temperature is AT 0 higher than expected for a 
linear temperature distribution. 

FIND: Relationship to evaluate a in terms of AT 0 and T |, T 2 (the temperatures at the 
boundaries). 

SCHEMATIC: 





ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) No 
internal heat generation, (4) a is positive and constant. 


ANALYSIS: At any location in the wall, Fourier’s law has the form 

q'x=-k 0 (l+«T)^l (!) 

dx 

Since q'( is a constant, we can separate Eq. (1), identify appropriate integration limits, and 
integrate to obtain 

rL „ . rT 2 


j 0 qx dx = -j Ti 2k o( 1 +« T ) dT 


JTi 


( 2 ) 


q x =- 


L 


T 2+ - 


a T 


2 \ 


LV 


Ti+- 


aT, 


2 N 


J J 


We could perform the same integration, but with the upper limits at x = L/2, to obtain 


q x 


2k r 


L 


T L/2 +■ 


aT, 


2 3 


L/2 


LV 



a T 2 1 
T * + 2 

1 

J 

l J- 


where 


t l/2 =t(u2 )=LT!2 -+at 0 , 


Setting Eq. (3) equal to Eq. (4), substituting from Eq. (5) for T\j2' and solving for a, it 
follows that 


a ■ 


2AT n 


(t 2 2 +T 1 2 )/2-[(T 1 +T 2 )/2 + AT 0 ] : 


(3) 

(4) 

(5) 

< 



PROBLEM 3.34 


KNOWN: Hollow cylinder of thermal conductivity k, inner and outer radii, rj and r 0 , 
respectively, and length L. 

FIND: Thermal resistance using the alternative conduction analysis method. 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) 

No internal volumetric generation, (4) Constant properties. 

ANALYSIS: For the differential control volume, energy conservation requires that q r = q r+ dr 
for steady-state, one-dimensional conditions with no heat generation. With Fourier’s law, 

q r =-kA— = -k(27rrL)— (1) 

dr dr 


where A = 2;trL is the area normal to the direction of heat transfer. Since q r is constant, Eq. 
(1) may be separated and expressed in integral form, 

dr = _rT 0 

Jtj 


q r 


r-HNFdT. 


2 K L J i'i r 
Assuming k is constant, the heat rate is 
2k Lk (Tj - T 0 ) 


q r 


in ( r o / q) 


Remembering that the thermal resistance is defined as 
R t = AT/q 

it follows that for the hollow cylinder, 

R = ln ( r o/q) 

1 2k LK 


COMMENTS: Compare the alternative method used in this analysis with the standard 
method employed in Section 3.3.1 to obtain the same result. 



PROBLEM 3.35 


KNOWN: Thickness and inner surface temperature of calcium silicate insulation on a steam pipe. 
Convection and radiation conditions at outer surface. 

FIND: (a) Heat loss per unit pipe length for prescribed insulation thickness and outer surface 
temperature, (b) Heat loss and radial temperature distribution as a function of insulation thickness. 


SCHEMATIC: 


Too = 25 °C 
h = 25 W/m 2 -K 


T sur= 25 ° c 



h r 2nr2 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties. 
PROPERTIES: Table A-3, Calcium Silicate (T = 645 K): k = 0.089 W/m-K. 

ANALYSIS: (a) From Eq. 3.27 with T s , 2 = 490 K, the heat rate per unit length is 

, , 27rk ( T s,l -T s,2) 

q =q r /L = 


9 = 


ln ( r 2/ r l) 

2 7T (0.089 W/m • K) (800 - 490) K 
In (0.08 m/0.06 m) 


q' = 603 W/m . < 

(b) Performing an energy for a control surface around the outer surface of the insulation, it follows that 
Ocond — Oconv + 9 rati 


T s j — T s ^2 
ln ( r 2 / r l )/27Tk 


T s ,2 T°° + \2 ^sur 

l/(2^r 2 h) l/(2^r 2 h r ) 


where h r = ea (T s 2 + T sur ) (T 2 2 + T s ^ r j . Solving this equation for T s?2 , the heat rate may be 
determined from 

q = 27Tr 2 |A (T s>2 — ) + h r (t s 2 — T sur )J 


Continued... 




PROBLEM 3.35 (Cont.) 


and from Eq. 3.26 the temperature distribution is 


T(r) = 


T s ] — T S) 2 
ln ( r l/ r 2) 


In 


f r A 


v r 2y 


+ T« 


s,2 


As shown below, the outer surface temperature of the insulation T s , 2 and the heat loss q / decay 
precipitously with increasing insulation thickness from values of T s>2 = T s , i = 800 K and q r = 11,600 
W/m, respectively, at r 2 = ri (no insulation). 



-Outer surface temperature 



- Heat loss, qprime 


When plotted as a function of a dimensionless radius, (r - ri)/(r 2 - ri), the temperature decay becomes 
more pronounced with increasing r 2 . 



Dimensionless radius, (r-rl )/(r2-r1) 


-e— r2 = 0.20m 

- r2 = 0.14m 

r2= 0.10m 


Note that T(r 2 ) = T s 2 increases with decreasing r 2 and a linear temperature distribution is approached as 
approaches ri. 

COMMENTS: An insulation layer thickness of 20 mm is sufficient to maintain the outer surface 
temperature and heat rate below 350 K and 1000 W/m, respectively. 






PROBLEM 3.36 


KNOWN: Temperature and volume of hot water heater. Nature of heater insulating material. Ambient 
air temperature and convection coefficient. Unit cost of electric power. 

FIND: Heater dimensions and insulation thickness for which annual cost of heat loss is less than $50. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, steady-state conduction through side and end walls, (2) 
Conduction resistance dominated by insulation, (3) Inner surface temperature is approximately that of the 
water (T s l = 55°C), (4) Constant properties, (5) Negligible radiation. 

PROPERTIES: Table A.3, Urethane Foam (T = 300 K): k = 0.026 W/m-K. 

ANALYSIS: To minimize heat loss, tank dimensions which minimize the total surface area, A st , should 
be selected. With L = 4V/7tD 2 , A s t = 7TDL + 2^7tD ~= 4 V/D + nD~ fl , and the tank diameter for 
which A s t is an extremum is determined from the requirement 

dA Sit /dD = -4v/D 2 +7 tD = 0 
It follows that 

D = (4V/^) 1/3 and L = (4V/^) 1/3 

2/2/3 

With d A st / dD =8V/D +K > 0 , the foregoing conditions yield the desired minimum in A Sjt . 

Hence, for V = 100 gal x 0.00379 m 3 /gal = 0.379 m 3 , 

Dop= L op = 0.784m < 

The total heat loss through the side and end walls is 

_ — Uq 2(t s j— Tqo) 

q ln ( r 2/ r l) ! 1 + 5 i 1 

27TkL op h27rr 2 L op k(^D 2 p /4) h(^D 2 p /4) 

We begin by estimating the heat loss associated with a 25 mm thick layer of insulation. With p = D op /2 = 
0.392 m and r 2 = p + 5 = 0.417 m, it follows that 


Continued... 















PROBLEM 3.36 (Cont.) 


(55 -20)° C 

q ~ In (0.417/0.392) 1 

2;r (0.026 W/m • K)0.784m ^2 w/m 2 • k)2;t( 0.417m)0.784m 

2 (55-20)° C 

+ 0.025 m ~ I 

(0.026 W/m K);r/4(0.784m) 2 ^2 w/m 2 • K);r/4(0.784m) 2 

35° C 2 ( 35 ° C ) 

q =---+---/-= (48.2 + 23.1) W = 71.3W 

(0.483 +0.243) K/W (l.992 + 1.036)K/W 

The annual energy loss is therefore 

Qannual = 7L3 W(365days)(24 h/day)(l0“ 3 kW/w) = 625kWh 

With a unit electric power cost of $0.08/kWh, the annual cost of the heat loss is 
C = ($0.08/kWh)625 kWh = $50.00 
Hence, an insulation thickness of 

5 = 25 mm ^ 

will satisfy the prescribed cost requirement. 

COMMENTS: Cylindrical containers of aspect ratio L/D = 1 are seldom used because of floor space 
constraints. Choosing L/D = 2, V = 7tD 3 /2 and D = (2V/7t) 1/3 = 0.623 m. Hence, L = 1.245 m, ri = 
0.312m and r 2 = 0.337 m. It follows that q = 76.1 W and C = $53.37. The 6.7% increase in the annual 
cost of the heat loss is small, providing little j ustification for using the optimal heater dimensions. 



PROBLEM 3.37 

KNOWN: Inner and outer radii of a tube wall which is heated electrically at its outer surface 

and is exposed to a fluid of prescribed h and Too- Thermal contact resistance between heater 
and tube wall and wall inner surface temperature. 

FIND: Heater power per unit length required to maintain a heater temperature of 25°C. 

SCHEMATIC: 


r Q -75 mm 
r,-25mm 


£=25°C 


Tj = 5°C 



k=10Wlm-K 


Electrical heater (*3) 
Flu id'j 

h = 100\N/m z K 
T oo =-10°C 
- 0.01 m K/N 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant 
properties, (4) Negligible temperature drop across heater. 

ANALYSIS: The thermal circuit has the form 



77 


r 0 


-^ww 






»; c V (UhnDJ % 
Znk ’ 1 


V 


Applying an energy balance to a control surface about the heater, 


q =q a +qb 

T -T- 

/ m A i 

q = 


q = 


_ | Tq Too 

ln ( r o/q) l0 . (l/h;rD 0 ) 

-rKt c 

2xk t,c 
(25-5)° C 

ln(75mm/25mm) m-K 
2fxlOW/m-K ' W 


+ 


[25-(-10)JC 


1/100 W/m z ■ Kx;rx0.15m 


q= (728+ 1649) W/m 
q / =2377 W/m. 


COMMENTS: The conduction, contact and convection resistances are 0.0175, 0.01 and 
0.021 m K/W, respectively, 


< 



PROBLEM 3.38 


KNOWN: Inner and outer radii of a tube wall which is heated electrically at its outer surface. Inner and 
outer wall temperatures. Temperature of fluid adjoining outer wall. 


FIND: Effect of wall thermal conductivity, thermal contact resistance, and convection coefficient on 
total heater power and heat rates to outer fluid and inner surface. 


SCHEMATIC: 



heater, q' 

lO^h^lOOO W/m 2 .K 
-10 °C 

40.1 m-K/W 




ln(r 0 lrj) 

2nk 


R'ti 


iy (M2n r Q h) 

q' 




ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, 
(4) Negligible temperature drop across heater, (5) Negligible radiation. 


ANALYSIS: Applying an energy balance to a control surface about the heater, 


q =Qi +q 0 

T -T 
A o 1 i 


q 


ln ( r o/ r i) 


2;rk 


+ R 


t,c 


T -T 

A 0 x oo 

(l/27rr 0 h) 


Selecting nominal values of k = 10 W/m-K, Rj c = 0.01 m-K/W and h = 100 W/m 2 K, the following 
parametric variations are obtained 



qi 

q 

qo 


3000 
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_ 2000 
E 

S 

oT 1500 
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TO 
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0 
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Contact resistance, Rtc(m.K/W) 


0.1 


qi 

q 

qo 


Continued... 




PROBLEM 3.38 (Cont.) 



Convection coefficient, h(W/m A 2.K) 



For a prescribed value of h, q^ is fixed, while q \, and hence c\ , increase and decrease, respectively, 
with increasing k and R t c . These trends are attributable to the effects of k and Rj c on the total 
(conduction plus contact) resistance separating the heater from the inner surface. For fixed k and R t c , 
cj j is fixed, while q^ , and hence q , increase with increasing h due to a reduction in the convection 
resistance. 


COMMENTS: For the prescribed nominal values of k, R \ c and h, the electric power requirement is 
q = 2377 W/m. To maintain the prescribed heater temperature, q would increase with any changes 
which reduce the conduction, contact and/or convection resistances. 




PROBLEM 3.39 


KNOWN: Wall thickness and diameter of stainless steel tube. Inner and outer fluid temperatures 
and convection coefficients. 

FIND: (a) Heat gain per unit length of tube, (b) Effect of adding a 10 mm thick layer of insulation to 
outer surface of tube. 

SCHEMATIC: 


r 3 = 30 mm 
r 2 = 20 mm 
r-| = 18 mm 


Pharmaceutical 

Too,i = 6°C ' 

h, = 400 W/m 2 -K 




Too, 0 = 23°C 
h 0 = 6 W/m 2 -K 


Insulation 

k ins = 0.05 W/m-K 


'on,i R cond,ss R cond,ins 


R’ 


conv.i 


R’ 


conv.o 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) Constant 
properties, (4) Negligible contact resistance between tube and insulation, (5) Negligible effect of 
radiation. 

PROPERTIES: Table A-l, St. St. 304 (-280K): k st = 14.4 W/m-K. 

ANALYSIS: (a) Without the insulation, the total thermal resistance per unit length is 


, _ , / / _ 1 In (r 2 /rj) 

R tot = R conv,i + Rcond,st + Rconv,o = 1 l " 


1 


R tot = 


2^qhj 27rk st 
ln(20/18) 


2^r 2 h 0 


2Tr(0.018m)400 W/m 2 K 2^ (14.4 W/m-K) 2 K (0.020m)6 W/m 2 ■ K 
R' tot =(0.0221 + 1.16xl0 _3 +1.33)m-K/W = 1.35 m-K/W 


The heat gain per unit length is then 

r -T 

l °o.O x °°,l 


Xv, r, -To„ ; (23-6)°C 


R'tr 


12.6 W/m 


. tot 1.35m- K/W 

(b) With the insulation, the total resistance per unit length is now R tot = R ^. onv i + Rcond st +R cond ins 
+R convo- where R convi an ^ R cond st remain the same. The thermal resistance of the insulation is 

ln(r 3 /r 2 ) In (30/20) 


R cond,ins 


2;rk ins 2k (0.05 W/m-K) 


and the outer convection resistance is now 

1 1 


r; 


conv,o 


T.29 m-K/W 


= 0.88 m-K/W 


2 ^ r 3 h o 2k (0.03m) 6 W / rcr ■ K 
The total resistance is now 

R' tot = (o.0221 + l.16xl0 -3 +1.29 + 0.88)m-K/W = 2.20m-K/W 


Continued 




PROBLEM 3.39 (Cont.) 


and the heat gain per unit length is 


q = 


T -T 

x oo,o x °o,l 


17°C 


r; 


tot 


2.20 m-K/W 


= 7.7 W/m 


COMMENTS: (1) The validity of assuming negligible radiation may be assessed for the worst case 
condition corresponding to the bare tube. Assuming a tube outer surface temperature of T s = Too,i = 
279K, large surroundings at T sur = Too, 0 = 296K, and an emissivity of £ = 0.7, the heat gain due to net 
radiation exchange with the surroundings is q’. a(] = ea (2kt 2 )^'I^ ir -T s 4 j = 7.7 W/m. Hence, the net 


rate of heat transfer by radiation to the tube surface is comparable to that by convection, and the 
assumption of negligible radiation is inappropriate. 


(2) If heat transfer from the air is by natural convection, the value of h Q with the insulation would 
actually be less than the value for the bare tube, thereby further reducing the heat gain. Use of the 
insulation would also increase the outer surface temperature, thereby reducing net radiation transfer 
from the surroundings. 

(3) The critical radius is r cr = k uls /h ~ 8 mm < r 2 . Hence, as indicated by the calculations, heat 
transfer is reduced by the insulation. 



PROBLEM 3.40 


KNOWN: Diameter, wall thickness and thermal conductivity of steel tubes. Temperature of steam 
flowing through the tubes. Thermal conductivity of insulation and emissivity of aluminum sheath. 
Temperature of ambient air and surroundings. Convection coefficient at outer surface and maximum 
allowable surface temperature. 

FIND: (a) Minimum required insulation thickness (r3 - r2) and corresponding heat loss per unit 
length, (b) Effect of insulation thickness on outer surface temperature and heat loss. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction, (3) Negligible contact 

resistances at the material interfaces, (4) Negligible steam side convection resistance (Too,i = T s j), (5) 
Negligible conduction resistance for aluminum sheath, (6) Constant properties, (7) Large 
surroundings. 

ANALYSIS: (a) To determine the insulation thickness, an energy balance must be performed at the 
outer surface, where q'= qc 0nv , 0 +q rad - With qconv.o = 2?rr 3 h o ( T s,o- T oo,o)’ 9rad= 27rr 3 ea 

(^s,o — ^sur )’ C 1 = (^s.i ~ Ts,o V (^cond.st + ^concfins )’ ^cond.st — ( r 2 / r l )/ , and R COIK ji ns 

= Ivl (r 3 /r 2 )/ 27rk ins , it follows that 


2ft (T S J T s 0 ) 

( r 2 /r l ) ^ In ( r 3 / r 2 ) 


= 2ftr 3 


h o (T s ,o T=o,o ) + £< ft 


4 _ t 4 
o A sur 


^st 


nns 


2k (848- 323) K 
fn (0.18/0.15) tn(r 3 /0.18) 

35 W / m ■ K O.lOW/mK 


2 nx-x 


6 W / m 1 ■ K (323-300) K +0.20x5.67x10 8 W/m" • K. 4 


( 4 

4 \ 4 _ 

( 323 -300 

1 


A trial-and-error solution yields r 3 = 0.394 m = 394 mm, in which case the insulation thickness is 


W =r 3 -r 2 = 214mm 


The heat rate is then 


2k (848- 323) K 

fn (0.18/0.15) fn (0.394/0.18) 
35 W/m - K 0.10W/mK 


= 420 W/m 


< 


< 


(b) The effects of r 3 on T s o and cf have been computed and are shown below. 


Conditioned 




PROBLEM 3.40 (Cont.) 



-Ts,o 



—®— Total heat rate 
—a— Convection heat rate 
—h— Radiation heat rate 


Beyond r 3 ~ 0.40m, there are rapidly diminishing benefits associated with increasing the insulation 
thickness. 

COMMENTS: Note that the thermal resistance of the insulation is much larger than that for the tube 
wall. For the conditions of Part (a), the radiation coefficient is h r = 1.37 W/m, and the heat loss by 
radiation is less than 25% of that due to natural convection (q rad = 78 W / m, q mnv 0 = 342 W / m). 

Vi = Vi T s , 0 

q d’ d» 

rx cond,st H'cond.in 


R’ 


rad j 

rAVW* - 


^ rad 


, 'oo,o 

—► , 

□ , Oconv.o 

Vonv.o 




PROBLEM 3.41 


KNOWN: Thin electrical heater fitted between two concentric cylinders, the outer surface of which 
experiences convection. 

FIND: (a) Electrical power required to maintain outer surface at a specified temperature, (b) 
Temperature at the center 


SCHEMATIC: 


tK,k A =ai5$r 


Thin electrical heater 
(r-r,) »*, 

B ' k ** 1 ' s £k 



r t - 2.0m m 
-4-Omm 


T co = ~lS°C 
h - SO \N/m z ’K 


ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Steady-state conditions, (3) Heater 
element has negligible thickness, (4) Negligible contact resistance between cylinders and heater, (5) 
Constant properties, (6) No generation. 


ANALYSIS: (a) Perform an energy balance on the 
composite system to determine the power required 

to maintain T(r 2 ) = T s = 5°C. 

^in — ^out + Egen = ^st 
+c lelec — Oconv = 0- 



Using Newton’s law of cooling, 

Oelec = Oconv = h' r 2 ("^s — ^oo ) 

W r- -,o 

qelec= 5 °—^-x2?r(0.040m) [5 —(—15)] C=251 W/m. < 

nU ■ K L 


(b) From a control volume about Cylinder A, we recognize that the cylinder must be isothermal, that 

is, 

T(0) = T(r 1 ). 


Represent Cylinder B by a thermal circuit: 



, T(ri)-T s 
11 ~ R'b 


For the cylinder, from Eq. 3.28, 

Rg = In r 2 / q / 2 n kg 

giving 

T(r 1 ) = T s +q , Rg =5°C+253.1 


W In 40/20 
m 27TX1.5 W/m-K 


= 23.5 C 


Hence, T(0) = T(ri) = 23.5°C. 


Note that k\ has no influence on the temperature T(0). 



PROBLEM 3.42 


KNOWN: Electric current and resistance of wire. Wire diameter and emissivity. Thickness, 
emissivity and thermal conductivity of coating. Temperature of ambient air and surroundings. 
Expression for heat transfer coefficient at surface of the wire or coating. 

FIND: (a) Heat generation per unit length and volume of wire, (b) Temperature of uninsulated wire, 
(c) Inner and outer surface temperatures of insulation. 

SCHEMATIC: 



Toe=20°C 


h = 1.25[(T-T 00 )/D] 


1/4 


ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction through insulation, (3) 
Constant properties, (4) Negligible contact resistance between insulation and wire, (5) Negligible 
radial temperature gradients in wire, (6) Large surroundings. 

ANALYSIS: (a) The rates of energy generation per unit length and volume are, respectively, 

Eg = I 2 Rgiec =(20A) 2 (0.01C2/m) = 4 W/m < 

q = Eg / A c =4Eg/;rD 2 = 16 W/m/;r(0.002m) 2 = 1.27xl0 6 W/m 3 < 

(b) Without the insulation, an energy balance at the surface of the wire yields 

Eg =q , = qconv+qrad =^D1 i(T-T 00 ) + ^D£ w (j(t 4 -T s 4 ur ) 

where h = 1.25 [(T -T^ )/d] 1/4 . Substituting, 

4 W / m = l.257T (0.002m) 3 14 (t - 293) 574 + n (0.002m)0.3x5.67 x 10“ 8 W / m 2 • K 4 (t 4 - 293 4 j K 4 
and a trial-and-error solution yields 

T = 331K = 58°C < 

(c) Performing an energy balance at the outer surface, 

Eg = q = q C onv + qrad = D h (T s 2 — X^o) + n D £j<7 ^ — T sur j 

4 W / m = 1.257T (0.006m) 314 (t s>2 - 293) 5 ' 4 + n (0.006m)0.9 x5.67 x 10“ 8 W / m 2 • K 4 (t 4 2 - 293 4 ) K 4 

and an iterative solution yields the following value of the surface temperature 

T s2 =307.8 K = 34.8°C < 

The inner surface temperature may then be obtained from the following expression for heat transfer 
by conduction in the insulation. 


Continued 





PROBLEM 3.42 (Cont.) 


/ _ T s ,j T2 _ T s ^ T s 2 

^cond ( r 2 / r l )/2?rkj 

2;r (0.25 W/m■ K)(T S i -307.8 k) 

T s j = 310.6K = 37.6°C < 

As shown below, the effect of increasing the insulation thickness is to reduce, not increase, the 
surface temperatures. 




Insulation thickness, m m 

—®— Innersurface tem perature, C 
—a— Outer surface tem perature, C 


This behavior is due to a reduction in the total resistance to heat transfer with increasing r 2 . Although 
the convection, h, and radiation, h r = eo (t s 2 + T sur )|t s 2 2 + T 2 |r j, coefficients decrease with 

increasing r 2 , the corresponding increase in the surface area is more than sufficient to provide for a 
reduction in the total resistance. Even for an insulation thickness of t = 4 mm, h = h + h r = (7.1 + 5.4) 
W/m 2 K = 12.5 W/m 2 K, and r cr = k/h = 0.25 W/m K/12.5 W/m 2 -K = 0.020m = 20 mm > r 2 = 5 mm. 
The outer radius of the insulation is therefore well below the critical radius. 




PROBLEM 3.43 


KNOWN: Diameter of electrical wire. Thickness and thermal conductivity of rubberized sheath. 
Contact resistance between sheath and wire. Convection coefficient and ambient air temperature. 
Maximum allowable sheath temperature. 

FIND: Maximum allowable power dissipation per unit length of wire. Critical radius of insulation. 

SCHEMATIC: 


Wire 

Eg en , D = 2 mm 

Rt. c = 3x1 O’ 4 m 2 -K/W 

Insulation, t = 2 mm 
k = 0.13 W/m-K 
Tmax = 50°C 




1 in,o 




T OP =20°C 
h = 10 W/m 2 -K 


R' 


t,c 


R’, 


cond 


R’ 


ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction through insulation, (3) 
Constant properties, (4) Negligible radiation exchange with surroundings. 

ANALYSIS: The maximum insulation temperature corresponds to its inner surface and is 
independent of the contact resistance. From the thermal circuit, we may write 

T* — T T* — T 

A in,i A °o _ A in,i A °o 

^ n ( r m,o / r m,i )/2jrk + (l/2;rr in Q h) 


^cond + ^conv 


where r in j = D / 2 = 0.001m, r jn () = r nl j + 1 = 0.003m, and T in • = T max = 50°C yields the maximum 
allowable power dissipation. Hence, 


■^g,max 


(50-20)°C 

in 3 1 

- 1 - 

27rx0.13W/m-K 2 k (0.003m)l0 W/m 2 • K 


30°C 

(1.35 + 5.3l)m-K/W 


4.51 W / m 


< 


The critical insulation radius is also unaffected by the contact resistance and is given by 


r cr _ 


k 

h 


0.13W/mK 

10W/m 2 K 


= 0.013m = 13mm 


< 


Hence, rj n 0 < r cr and Eg max could be increased by increasing r uia) up to a value of 13 mm (t = 12 
mm). 

COMMENTS: The contact resistance affects the temperature of the wire, and for q' = Eg max 
= 4.51W/m, the outer surface temperature of the wire is T wo = Tj n j+qR t c =50°C +(4.51W/m) 
^3x10 4 m 2 K/wj/^-(0.002m) = 50.2°C. Hence, the temperature change across the contact 
resistance is negligible. 



PROBLEM 3.44 


KNOWN: Long rod experiencing uniform volumetric generation of thermal energy, q, concentric 
with a hollow ceramic cylinder creating an enclosure filled with air. Thermal resistance per unit 
length due to radiation exchange between enclosure surfaces is R^ad- The free convection 

2 

coefficient for the enclosure surfaces is h = 20 W/m K. 

FIND: (a) Thermal circuit of the system that can be used to calculate the surface temperature of the 
rod, T r ; label all temperatures, heat rates and thermal resistances; evaluate the thermal resistances; and 
(b) Calculate the surface temperature of the rod. 

SCHEMATIC: 


Rod - 

q = 2x10 6 W/m 3 

Air space 
h = 20 W/m 2 -K 
R’ ad = 0.30 m-K/W 



D r = 20 mm 
Dj = 40 mm 
D 0 = 120 mm 


T 0 = 25°C 

Ceramic, k = 1.75 W/m-K 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial conduction through the 
hollow cylinder, (3) The enclosure surfaces experience free convection and radiation exchange. 

ANALYSIS: (a) The thermal circuit is shown below. Note labels for the temperatures, thermal 
resistances and the relevant heat fluxes. 


Enclosure, radiation exchange (given): 

R rad =0.30 m-K/W 
Enclosure, free convection: 

1 


r; 


i 


cv,rod 


Rr 


h7TD r 20 W/m 2 Kx;rx0.020m 
1 1 


cv,cer 


h^Di 20 W/rrr ■ KxTrx0.040m 

Ceramic cylinder, conduction: 


■ 0.80 m-K/W 


0.40 m-K/W 


Red 


£n(D 0 / Dj) £n (0.120/0.040) 


0.10 m-K/W 


2;rk 2ttx1.75 W/m K 
The thermal resistance between the enclosure surfaces (r-i) due to convection and radiation exchange 
is 


1 


1 


r: 


-+- 


i 


enc 


R' — 

^enc - 


R rad R cv,rod + R cv,cer 
n-1 


1 


- + - 


1 


m-K/W = 0.24 m-K/W 


.0.30 0.80 + 0.40. 

The total resistance between the rod surface (r) and the outer surface of the cylinder (o) is 
R'tot = R; nc + Red = (0- 24 + 0-1) m ■ K / W = 0.34 m ■ K / W 


Continued 




PROBLEM 3.44 (Cont.) 




(b) Overall energy balance on rod 


(b) From an energy balance on the rod (see schematic) find T r . 

^in — ^out + Egen = 0 

-q + qV = 0 

-(T r -T i )/R / tot +q^D 1 2 /4) = 0 

— (T r -25)K/0.34 mK/W + 2xl0 6 W/m 3 (n x0.020m 2 / 4 ) = 0 

T r = 239°C < 

COMMENTS: In evaluating the convection resistance of the air space, it was necessary to define an 

average air temperature (Too) and consider the convection coefficients for each of the space surfaces. 
As you’ll learn later in Chapter 9, correlations are available for directly estimating the convection 
coefficient (h cnc ) for the enclosure so that q cv = h enc (T r - T 1 ). 



PROBLEM 3.45 


KNOWN: Tube diameter and refrigerant temperature for evaporator of a refrigerant system. 

Convection coefficient and temperature of outside air. 

FIND: (a) Rate of heat extraction without frost formation, (b) Effect of frost formation on heat rate, (c) 
Time required for a 2 mm thick frost layer to melt in ambient air for which h = 2 W/m 2 K and T m = 20°C. 

SCHEMATIC: 

Frost 



(0^§z4 mm) 

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Negligible convection resistance 
for refrigerant flow (t^ j = T s j ), (3) Negligible tube wall conduction resistance, (4) Negligible 
radiation exchange at outer surface. 

ANALYSIS: (a) The cooling capacity in the defrosted condition (5 = 0) corresponds to the rate of heat 
extraction from the airflow. Hence, 

q = h27Tr, (T^ 0 -T s>1 ) = 100 w/m 2 • K (2n x0.005 m)(-3 +18)° C 


q' = 47.1 W/m < 

(b) With the frost layer, there is an additional (conduction) resistance to heat transfer, and the extraction 
rate is 


Too.o T sJ 


Toco T sJ 


R conv + R cond 1 /( h27rr 2) + ln ( r 2/ r l)/ 27rk 


For 5 < r 2 < 9 mm and k = 0.4 W/m-K, this expression yields 



0 0.001 0.002 0.003 0.004 


Frost layer thickness, delta(m) 
-Heat extraction, qprime(W/m) 



Frost layer thickness, delta(m) 

Conduction resistance, Rtcond(m.K/W) 
Convection resistance, Rtconv(m.K/W) 


Continued... 





PROBLEM 3.45 (Cont.) 

The heat extraction, and hence the performance of the evaporator coil, decreases with increasing frost 
layer thickness due to an increase in the total resistance to heat transfer. Although the convection 
resistance decreases with increasing 8, the reduction is exceeded by the increase in the conduction 
resistance. 

(c) The time t m required to melt a 2 mm thick frost layer may be determined by applying an energy 
balance, Eq. 1.11b, over the differential time interval dt and to a differential control volume extending 
inward from the surface of the layer. 

Ein^t = dE st = dUj at 

h(2^rL)(T 00 0 -Tf )dt = -h s f pdV = -h s f p (2;rrL)dr 
h (T°°, 0 - Tf ) Jq™ dt = -ph sf J/ 1 dr 

_ ph sf (r 2 -q) _ 700 kg/m 3 (3.34xl0 5 j/kg)(0.002m) 
h (Too, 0 - T f) 2w/m 2 K(20-0)°C 

t m = 11,690s = 3.25 h < 

COMMENTS: The tube radius ri exceeds the critical radius r cr = k/h = 0.4 W/m K/100 W/m 2 K = 0.004 
m, in which case any frost formation will reduce the performance of the coil. 



PROBLEM 3.46 


KNOWN: Conditions associated with a composite wall and a thin electric heater. 

FIND: (a) Equivalent thermal circuit, (b) Expression for heater temperature, (c) Ratio of outer and inner 
heat flows and conditions for which ratio is minimized. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Constant properties, (3) Isothermal 
heater, (4) Negligible contact resistance(s). 

ANALYSIS: (a) On the basis of a unit axial length, the circuit, thermal resistances, and heat rates are as 
shown in the schematic. 


(b) Performing an energy balance for the heater, Ej n = E out , it follows that 

Th ~ Too j — Too 0 


qh( 2 ^r 2 ) = qi+qo = 


- + - 


(h 0 2*r 3 )- 1 + ln(r3/r2) 




2?rk A 


(c) From the circuit. 


, . (h i 2^r 1 )~ l + ln N/ r l) 

q 0 _ ( T h t °q,o ) ^_2^k B 


^i (^h j) 


(h o arr 3 )- 1 + ln faM 

V ° 2?rk A 


To reduce q^/qj , one could increase k B , hj, and r 3 /r 2 , while reducing k A , h Q and r 2 /ri. 


< 


< 


COMMENTS: Contact resistances between the heater and materials A and B could be important. 




PROBLEM 3.47 


KNOWN: Electric current flow, resistance, diameter and environmental conditions 
associated with a cable. 


FIND: (a) Surface temperature of bare cable, (b) Cable surface and insulation temperatures 
for a thin coating of insulation, (c) Insulation thickness which provides the lowest value of the 
maximum insulation temperature. Corresponding value of this temperature. 


SCHEMATIC: 

T -D. 

-Lnsulation 

k-O.SVi/m-K 

7^=30° 
h-Z5\N/m z K 



tc 


T s ,_T, . T m 

Dj = 0.005m 

■Steel cable „ 

I = 700A R tc =E±c=0.OZm* K/W 

R' e = 6xlCf 4 n/m ’ nD i L __ rZ 


h ( D M l/hnDL 
2nLk 


R+ c = 0.02 m*--K/W 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in r, (3) 
Constant properties. 


ANALYSIS: (a) The rate at which heat is transferred to the surroundings is fixed by the rate 
of heat generation in the cable. Performing an energy balance for a control surface about the 

cable, it follows that E g =q or, for the bare cable, I 2 ReL=h(^ DjL)(T s -T^). With 


q=I 2 R 


; =(7ooa) 2 ( 


6 xl0“ 4 fl/m 


*)■ 


T s - Too + 


= 30°C+ 


294 W/m, it follows that 
294 W/m 


hK D i (25 W/m 2 ■ k);t (0.005m) 


T s = 778.7°C. < 

(b) With a thin coating of insulation, there exist contact and convection resistances to heat 
transfer from the cable. The heat transfer rate is determined by heating within the cable, 
however, and therefore remains the same. 

T — T T — T 

X S 1 oo __ x s 1 oo _ 

R 1 1 Kc , 1 

t,c hx D;L ,t DjL h,T D;L 

, 71 D i ( T S “Too ) 

q=--- 

R t,c +1 / h 


and solving for the surface temperature, find 


T s = 


K Dj 


Rtc+- 

' h 


294 W/m 


+ T °° n (0.005m) 


0.02 


m 2 ■ K 
W 


+ 0.04 


m 2 ■ K 
W 


+ 30°C 


T s = 1153 C. 


Continued 




PROBLEM 3.47 (Cont.) 

The insulation temperature is then obtained from 

Ts-Ti 


R 


t,c 


or 


m 2 K 


R 


t,c 


Tj =T s -qR tc =1153 C-q—— = 1153 C 

K DjL 


W 

294—x 0.02 
m _W 

n (0.005m) 


Tj = 778.7°C. 


(c) The maximum insulation temperature could be reduced by reducing the resistance to heat transfer 
from the outer surface of the insulation. Such a reduction is possible if Dj < D cr . From Example 3.4. 
k 0.5 W/m - K 

h 25 W/mU ■ K 


r cr = — : 


= 0.02m. 


Hence, D cr = 0.04m > Dj = 0.005m. To minimize the maximum temperature, which exists at 
the inner surface of the insulation, add insulation in the amount 
_ D 0 - Dj _ D cr - Dj _ (0.04-0.005 )m 
t_ 2 ~~ 2 ~~ 2 


t = 0.0175m. 

The cable surface temperature may then be obtained from 


9 = 


T -T 

x s x oo 


T s -30 C 


R 


t,c 


ln(D cr /Di) 1 0.02 m“ • K/W In(0.04/0.005) 


7iD i 2nk \\K D cr n (o.005m) 2;r (0.5 W/m • K) 2 5 W ,T(0 01m) 

Hence, 


2 v 
m • K 


W 
294 — 


T s -30 C 


T s -30 C 


m (1.27+0.66+0.32) m-K/W 2.25 m-K/W 


T s =692.5 C 


Recognizing that q = (T s - Ti)/R t c , find 

R tc 

Ti = T s - qR t c = T s - q —= 692.5°C 

K DjL 


m 2 ■ K 


W 

294—xO.02 
m _W 

n (0.005m) 


Tj = 318.2°C. < 

COMMENTS: Use of the critical insulation thickness in lieu of a thin coating has the effect of 
reducing the maximum insulation temperature from 778.7°C to 318.2°C. Use of the critical insulation 
thickness also reduces the cable surface temperature to 692.5°C from 778.7°C with no insulation or 
from 1153°C with a thin coating. 



PROBLEM 3.48 


KNOWN: Saturated steam conditions in a pipe with prescribed surroundings. 


FIND: (a) Heat loss per unit length from bare pipe and from insulated pipe, (b) Pay back 
period for insulation. 


SCHEMATIC: 

Steam Costs: 

$4 for 10 9 J 
Insulation Cost: 

$100 per meter 
Operation time: 
7500 h/yr 



Steam pipe (O.Zttt) 
with or without 
Magnesia (50mm) 


dAi^> h=ZO\Nlm z -K, T co -Z5°C 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) 
Constant properties, (4) Negligible pipe wall resistance, (5) Negligible steam side convection 
resistance (pipe inner surface temperature is equal to steam temperature), (6) Negligible 

contact resistance, (7) T sur = T M . 


PROPERTIES: Table A-6, Saturated water (p = 20 bar): T sat = T s = 486K; Table A-3, 
Magnesia, 85% (T » 392K): k = 0.058 W/m-K. 

ANALYSIS: (a) Without the insulation, the heat loss may be expressed in terms of radiation 
and convection rates, 

q =£71 Dcr |t s — T sur j + h (ti D)(T S — Tqo ) 

q'=0.8;r(0.2m)5.67xl0~ 8 ^ 4 ( 4 86 4 -298 4 )k 4 

W m K 

+20—-(7rx0.2m) (486-298)K 

m 2 ■ K 


q = (1365+2362) W/m=3727 W/m. 


With the insulation, the thermal circuit is of the form 


T„ 




conv 


r< 


9: 


sur 


rad 


^S,° 


Ts.,- 


ln(D 0 lD;)lZnk 9 ' 


< 


Continued 




PROBLEM 3.48 (Cont.) 

From an energy balance at the outer surface of the insulation, 

/ _ / , / 

Ocond - c lconv + C 1 rad 

T s ,i -T s , 0 _ hx D() ( Tso _ Too ) + !!OT Do (t s 4 0 -T s 4 ur ) 


ln(D 0 /Dj)/ 2k k 
(486-T s , 0 )K 


w 


ln(0.3m/0.2m) ^-^-, { 03 m )(T s , o -29,K) 


2^(0.058 W/m K) 


8 W 

+0.8x5.67x10"° —-- -K 

m+K 4 


(0.3m)(T 4 o -298 4 )K 4 . 


By trial and error, we obtain 


Ts,o ~ 305K 


in which case 


, (486-305) K 

q =-\— = 163 W/m. 

ln(0.3m/0.2m) 

2?r (0.055 W/m -K) 


(b) The yearly energy savings per unit length of pipe due to use of the insulation is 

Savings _ Energy Savings ^ Cost 

Yr-m Yr. Energy 

5=IU(3727-163)^x3600ix7500-t-x^L 
Yr-m s-m h Yr p)"j 

Savi " gS =$385/Yr-m. 

Yr-m 

The pay back period is then 

„ „ , „ . , Insulation Costs $100/m 

Pay Back Period = -=- 

Savings/Yr.-m $385/Yr-m 


< 


Pay Back Period = 0.26 Yr = 3.1 mo. < 

COMMENTS: Such a low pay back period is more than sufficient to justify investing in the 
insulation. 



PROBLEM 3.49 


KNOWN: Temperature and convection coefficient associated with steam flow through a pipe 
of prescribed inner and outer diameters. Outer surface emissivity and convection coefficient. 
Temperature of ambient air and surroundings. 

FIND: Heat loss per unit length. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) 
Constant properties, (4) Surroundings form a large enclosure about pipe. 

PROPERTIES: Table A-l, Steel, AISI1010 (T » 450 K): k = 56.5 W/m-K. 


ANALYSIS: Referring to the thermal circuit, it follows from an energy balance on the outer 
surface that 

Tooj ~ T s 0 _ T s 0 — Tqq 0 T S o — T sur 


Rconv,i + Rcond ^conv,o ^rad 

or from Eqs. 3.9, 3.28 and 1.7, 


T ■ -T 

x oo,l X S,0 


T -T 

^,0 x oo,Q 


(1 In Djhj) + In (D 0 / Dj) / 2;rk (l In D 0 h 0 ) 


+ en D 0 cr 


/ 4 _ 4 \ 
^ x s,o 1 sur ) 


523K - T 


s,o 


T s ,o-293K 


/ 9 r 1 ln (75/60) 

Ux0.6mx500W/m 2 KI + v ’ 


2fx56.5W/m-K 


Ux0.075mx25 W/m z -K 


\ 1 


+0.8;rx(0.075m)x5.67xl0~ 8 W/m 2 K 4 


523 -T 


s,o 


Tc 0 — 293 o 

s, ° - + 1.07xl0~° 


T s 4 „-293 4 


K" 


T 4 „-293 4 


0.0106+0.0006 0.170 

From a trial-and-error solution, T s 0 ~ 502K. Hence the heat loss is 
q =7T D 0 h 0 (T s 0 ^, 0 ) + D Q <7 |t s 0 — T sur j 


qW(0.075m)25 W/m 2 K(502-293)+ 0.8 Tr(0.075m)5.67xl0 8 


W 


2 v 4 
m • K 



K 


4 


q =1231 W/m+600 W/m=1831 W/m. < 

COMMENTS: The thermal resistance between the outer surface and the surroundings is 
much larger than that between the outer surface and the steam. 




PROBLEM 3.50 


KNOWN: Temperature and convection coefficient associated with steam flow through a pipe of 
prescribed inner and outer radii. Emissivity of outer surface magnesia insulation, and convection 
coefficient. Temperature of ambient air and surroundings. 

FIND: Heat loss per unit length q' and outer surface temperature T Sj0 as a function of insulation 
thickness. Recommended insulation thickness. Corresponding annual savings and temperature 
distribution. 

SCHEMATIC: 



AISI 1010 / 

Magnesia/(s = 0.8) 

R 'rad 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Constant 
properties, (4) Surroundings form a large enclosure about pipe. 

PROPERTIES: Table A-l, Steel, AISI 1010 (T - 450 K): k s = 56.5 W/m-K. Table A-3, Magnesia, 

85% (T - 365 K): k m = 0.055 W/m-K. 

ANALYSIS: Referring to the thermal circuit, it follows from an energy balance on the outer surface that 


T • -T 

00,1 S,0 


T — T T — T 

A s,o x °°,o + A s,o A sur 


Rconv.i + Rcond,s + ^cond,m ^ 


conv,o 


or from Eqs. 3.9, 3.28 and 1.7, 


T • -T 

* 00,1 * S ,0 


T -T 

S,0 oo,0 


T -T 
L s,o A sur 


(l/27rr 1 h i )+ In (r 2 /r, )/27rk s + In (r 3 /r 2 )/2^k m (l/27rr 3 h 0 ) 


(2^r 3 )ea (T s o + T sur ) (t s 2 () + T sur j 


This expression may be solved for T s o as a function of r 3 , and the heat loss may then be determined by 
evaluating either the left-or right-hand side of the energy balance equation. The results are plotted as 
follows. 


Continued... 



PROBLEM 3.50 (Cont.) 



Outer radius of insulation, r3(m) 


-ql 



—9— Insulation conduction resistance, Rcond.m 
—A— Outer convection resistance, Rconv,o 
—B— Radiation resistance, Rrad 


The rapid decay in q / with increasing r 3 is attributable to the dominant contribution which the insulation 
begins to make to the total thermal resistance. The inside convection and tube wall conduction 
resistances are fixed at 0.0106 m-K/W and 6.29x10 4 m-K/W, respectively, while the resistance of the 
insulation increases to approximately 2 m-K/W at r 3 = 0.075 m. 


The heat loss may be reduced by almost 91% from a value of approximately 1830 W/m at r 3 = r 2 
= 0.0375 m (no insulation) to 172 W/m at r 3 = 0.0575 m and by only an additional 3% if the insulation 
thickness is increased to r 3 = 0.0775 m. Hence, an insulation thickness of (r 3 - r 2 ) = 0.020 m is 
recommended, for which c\ = 172 W/m. The corresponding annual savings (AS) in energy costs is 
therefore 


AS = [(1830 -172 ) W/m] x 7000 - x 3600 - = $ 167 / m 

io 9 j y h 


< 


The corresponding temperature distribution is 



Tr 


The temperature in the insulation decreases from T(r) = T 2 = 521 K at r = r 2 = 0.0375 m to T(r) = T 3 = 
309 K at r = r 3 = 0.0575 m. 


Continued... 






PROBLEM 3.50 (Cont.) 


COMMENTS: 1 . The annual energy and costs savings associated with insulating the steam line are 
substantial, as is the reduction in the outer surface temperature (from T Sj0 ~ 502 K for r 3 = r 2 , to 309 K for 
r 3 = 0.0575 m). 

2. The increase in R |- ac { to a maximum value of 0.63 m-K/W at r 3 = 0.0455 m and the subsequent decay 
is due to the competing effects of h rad and A 3 = (1/27T 13 ) . Because the initial decay in T 3 = T Sj0 with 
increasing r 3 , and hence, the reduction in h rad , is more pronounced than the increase in A 3 , R ' Ia( ^ 
increases with r 3 . However, as the decay in T Sj0 , and hence h rad , becomes less pronounced, the increase in 
A 3 becomes more pronounced and R^ a( j decreases with increasing r 3 . 



PROBLEM 3.51 


KNOWN: Pipe wall temperature and convection conditions associated with water flow through the pipe 
and ice layer formation on the inner surface. 

FIND: Ice layer thickness 8. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Negligible pipe wall thermal 
resistance, (3) negligible ice/wall contact resistance, (4) Constant k. 

PROPERTIES: Table A.3, Ice (T = 265 K): k - 1.94 W/m-K. 


ANALYSIS: Performing an energy balance for a control surface about the ice/water interface, it follows 
that, for a unit length of pipe, 


/ / 
Oconv = Ocond 


hj (2 KX \) (Tqq j T s j) 


ln ( r 2 / r l )/2?rk 


Dividing both sides of the equation by r 2 , 


ln(r 2 /ri) _ k 3,j-T s ,o _ 1.94W/m-K „ 15°C _ 009? 

(r 2 / r i) hjr 2 T^j -T si | 2 000w/m 2 ■ k)(0.05hi) 3°C 


The equation is satisfied by r 2 /ri = 1.114, in which case ri = 0.050 m/1.114 = 0.045 m, and the ice layer 
thickness is 

8 = r 2 - q = 0.005 m = 5 mm < 

COMMENTS: With no flow, hj —» 0, in which case ri —> 0 and complete blockage could occur. The 
pipe should be insulated. 



PROBLEM 3.52 

KNOWN: Inner surface temperature of insulation blanket comprised of two semi-cylindrical shells of different 
materials. Ambient air conditions. 

FIND: (a) Equivalent thermal circuit, (b) Total heat loss and material outer surface temperatures. 




h=25W/m z -K 
Ta, = 300K 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial conduction, (3) Infinite contact 
resistance between materials, (4) Constant properties. 

ANALYSIS: (a) The thermal circuit is, 

R conv,A — R conv,B “ r 2^ r>' ... T V 1 


ln(r 2 /ri) 


ln(r 2 / ri ) 


^conc/fA) Rconv, A 


Rcond (B) Rcony,!} 


The conduction resistances follow from Section 3.3.1 and Eq. 3.28. Each resistance is larger by a factor of 2 than 
the result of Eq. 3.28 due to the reduced area. 

(b) Evaluating the thermal resistances and the heat rate (q /= qX +qe )> 

R conv =(^x0.1m x2 5 W/m 2 -K ) *= 0.1273 m ■ K/W 
„ ln(0.1m/0.05m) 

R cond(A) = w/m K - 0.1103 m-K/W R conc j(B) = 8 R cond(A) = 0-8825 m-K/W 


T s ,l Too 


Ts,l T^ 


q =—--- ; - 1 — ; --- ; - 

R cond(A) + R conv R cond(B) + R conv 

(500- 300) K (500-300) K 

-2--+-2- L -= (842 +198) W/m=1040 W/m. 

(0.1103+0.1273) m-K/W (0.8825+0.1273) m- K/W 


Hence, the temperatures are 

W m- K 

T S .2(A)=T s .l-q'ARiond(A)=500K-842-x0.1103— = 407K < 

W m ■ K 

T s, 2(B) = T s,l -q'BRiond(B) = 500K -198—x0,8825 — = 325K. < 

COMMENTS: The total heat loss can also be computed from q'=(T s j - Too )/ R equiv’ 

where R e q U j v — (Rcond(A) R conv,A ) + ( R condfB) + R conv,B ) — 0.1923 m • K/W. 

Hence q'= (500-300) K/0.1923 m • K/W= 1040 W/m. 



PROBLEM 3.53 


KNOWN: Surface temperature of a circular rod coated with bakelite and adjoining fluid 
conditions. 

FIND: (a) Critical insulation radius, (b) Heat transfer per unit length for bare rod and for 
insulation at critical radius, (c) Insulation thickness needed for 25% heat rate reduction. 

SCHEMATIC: 


h-14-0'Nlm i -K 
T m --25°C 


T a 


00 

O-WAM 


Dj=0.01m 
Tj=200°C 

MMAA-O 


l/lnrh ln(r/r ; )/2rfk 

Bakelite 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in r, (3) 
Constant properties, (4) Negligible radiation and contact resistance. 

PROPERTIES: Table A-3, Bakelite (300K): k=1.4W/m-K. 


ANALYSIS: (a) From Example 3.4, the critical radius is 
k _ 1.4 W/m - K 

h 140 W/m 2 ■ K 


r cr = - = 


■ = 0.01m. 


< 


(b) For the bare rod, 

q=h(^Di) (Tj -T^) 


W 


q'=140—--(TrxO.Olm) (200-25) C=770W/m 


m 2 ■ K 


For the critical insulation thickness, 
/ 

q=- 


T -T 

A oo 


(200-25)° C 


1 


- + 


ln ( r cr /q) 


- + 


ln (0.01m/0.005m) 


2k r cr h 2k k 2^x(0.01m)xl40 W/nU K 2^xl.4W/m-K 


q = ---= 909 W/m < 

(0.1137+0.0788) m-K/W 

(c) The insulation thickness needed to reduce the heat rate to 577 W/m is obtained from 

Tj -Tqq _ (200-25)°C _= 577 ^ 

^ 1 ln(r/r x ) 1 ln(r/0.005m) m 

2k rh 2k k 2?r(r)l40 W/m 2 K 2/cxl.4W/m-K 

From a trial-and-error solution, find 
r ~ 0.06 m. 

The desired insulation thickness is then 

8 = (r-q) ~ (0.06-0.005 )m=55 mm. < 



PROBLEM 3.54 


KNOWN: Geometry of an oil storage tank. Temperature of stored oil and environmental 
conditions. 

FIND: Heater power required to maintain a prescribed inner surface temperature. 

SCHEMATIC: 



~L=2,w 

0/7 /9 
G33MtBMI| 


■> 


■T S ,=400K 


Dj -lm 
D 0 -1.04-m 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in radial 
direction, (3) Constant properties, (4) Negligible radiation. 

PROPERTIES: Table A-3, Pyrex (300K): k = 1.4 W/m-K. 

ANALYSIS: The rate at which heat must be supplied is equal to the loss through the 
cylindrical and hemispherical sections. Hence, 

4 =t lcyl + 2 c lheini = c lcyl + Osphcr 


or, from Eqs. 3.28 and 3.36, 


q= 


T -T 

X S,1 A oo 


ln(D 0 /Di) + 1 


- + ■ 


T ■ -T 

X S,1 A oo 


1 


2 K Lk K D n Lh 2k k 


1 _ 1 
Di D 0 


+ 


^DqIi 


q=- 


(400-300) K 


In 1.04 


- + - 


2k (2m)1.4 W/m ■ K K (i.04m)2m(l0 W/m 2 ■ k) 

(400-300) K 


1 


(l-0.962)m" 1 + 


2k (1.4 W/m- K) 
100K 


1 


^ (1.04m) 10 W/m^ K 
100K 

+- 


2.23xl0' 3 KAV + 15.30xl0" 3 KAV 4.32xl0' 3 KAV + 29.43xl0' 3 


q = 5705W + 2963W = 8668W. 


< 




PROBLEM 3.55 


KNOWN: Diameter of a spherical container used to store liquid oxygen and properties of insulating 
material. Environmental conditions. 


FIND: (a) Reduction in evaporative oxygen loss associated with a prescribed insulation thickness, (b) 
Effect of insulation thickness on evaporation rate. 


SCHEMATIC: 


Qconv^^, 


Air 

Too = 298 K 
h = 10 W/m 2 • K 


' T SU r = 298 K 



r -1 = 250 mm, T s -j = 90 K 
250 4 r 2 ^ 300 mm, T s 2 
Liquid oxygen, hfg = 214 kJ/kg 
Insulation, k = 0.00016 W/m-K, s = 0.20 


'sur 


R 


t,rad 


R, 


t,conv 


's,2 


's, 1 


Rt.cond 


ASSUMPTIONS: (1) Steady-state, one-dimensional conduction, (2) Negligible conduction resistance of 
container wall and contact resistance between wall and insulation, (3) Container wall at boiling point of 
liquid oxygen. 

ANALYSIS: (a) Applying an energy balance to a control surface about the insulation, Ej n -E out = 0, it 
follows that q conv +q rad = q cond = q . Hence, 


T<x> T s 2 + T sur T S) 2 

R R 

^t.conv R t,rad 


Ts, 2 — T s j 
R t.cond 


(1) 


where R tconv = (Wh) , R t rad = (dyrrjh r , R t , cond = (l/4yrk)[(l/r,)-(1/r 2 )], and, from Eq. 

1.9, the radiation coefficient is h r = eo (T s 2 + T sur ) |t s ^2 + T s ^ ir j . With t = 10 mm (r 2 = 260 mm), £ = 

0.2 and To„ = T sur = 298 K, an iterative solution of the energy balance equation yields T s 2 ~ 297.7 K, 
where R t , CO nv = 0.118 K/W, R tirad = 0.982 K/W and R t , CO nd = 76.5 K/W. With the insulation, it follows that 
the heat gain is 

q w - 2.72 W 

Without the insulation, the heat gain is 


9 wo 


Too T s l ^ T sur 


-T« 


s,l 


R R 

^t.conv R t,rad 


where, with r 2 = ri, T s j = 90 K, R t , C onv = 0.127 K/W and R t , ra d = 3.14 K/W. Hence, 
q wo = 1702 W 

With the oxygen mass evaporation rate given by m = q/h fg , the percent reduction in evaporated oxygen is 


% Reduction = mwo mw xl00% = q wo q w xlQ0% 


m 


wo 


I wo 


Hence, 


(1702-2.7) W 

% Reduction = ---—xl00% = 99.8% 

1702 W 


Continued... 



PROBLEM 3.55 (Cont.) 


(b) Using Equation (1) to compute T s 2 and q as a function of r 2 , the corresponding evaporation rate, m 
q/hfg, may be determined. Variations of q and m with r 2 are plotted as follows. 




Outer radius of insulation, r2(m) 


Because of its extremely low thermal conductivity, significant benefits are associated with using even a 
thin layer of insulation. Nearly three-order magnitude reductions in q and m are achieved with r 2 = 0.26 
m. With increasing r 2 , q and m decrease from values of 1702 W and 8x 10 kg/s at r 2 = 0.25 m to 0.627 
W and 2.9x10 6 kg/s at r 2 = 0.30 m. 

COMMENTS: Laminated metallic-foil/glass-mat insulations are extremely effective and corresponding 
conduction resistances are typically much larger than those normally associated with surface convection 
and radiation. 




PROBLEM 3.56 


KNOWN: Sphere of radius rp covered with insulation whose outer surface is exposed to a 
convection process. 

FIND: Critical insulation radius, r cr . 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial (spherical) 
conduction, (3) Constant properties, (4) Negligible radiation at surface. 

ANALYSIS: The heat rate follows from the thermal circuit shown in the schematic, 
q= (Tj — ) / Rtot 


where Rfot ~ Rqconv + ^t,cond an d 
1 1 


R 


t,conv 


hA s 4^ hr 2 


Rpcond — 


An k 


1 1 


q r 


If q is a maximum or minimum, we need to find the condition for which 
d Rtot 


dr 

It follows that 


0. 


d_ 

dr 


1 


giving 


4?rk 

k 


1 1 


q r 


+ - 


An hC 


+ 


1 1 


1 1 


An k r 2 2n h r 3 


= 0 


r = 2 — 
A cr ^, 


The second derivative, evaluated at r = r cr , is 


d_ 

dr 


dR 


tot 


dr 


cr> 

ii 3 r 

—+-- 


In k r 3 2n h r 4 


i-i;. 


(2k/h) 


1 3 

- + - 




,3 1 2n k 2n h 2k/h J 


1 


(2k/h) 


,3 2 n k 


-l + 2 >° 


(3.9) 

(3.36) 


Hence, it follows no optimum R tot exists. We refer to this condition as the critical insulation 
radius. See Example 3.4 which considers this situation for a cylindrical system. 



PROBLEM 3.57 


KNOWN: Thickness of hollow aluminum sphere and insulation layer. Heat rate and inner 
surface temperature. Ambient air temperature and convection coefficient. 

FIND: Thermal conductivity of insulation. 

SCHEMATIC: 


T. 


llr z -llr 

+nk x 


Aluminum 


Too 


l/ r t -ljft 
4 7 rk M 


<?= 8 C)ft/ OC 


h4nr 3 z 



■Insulation 
r t = O.ISm 

r z = 0.18m 


r s -0.30m 


h=30W/m*K 

-ZO°C 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) 
Constant properties, (4) Negligible contact resistance, (5) Negligible radiation exchange at 
outer surface. 


PROPERTIES: Table A-1, Aluminum (523K): k«230W/m-K. 
ANALYSIS: From the thermal circuit, 


q= 


Tf —Tq, 


Tf — To, 


R 


tot 


l/i'l 


-l/r 2 | l/r 2 -l/r 3 | 


4 it kAl kj h47T r^ 

(250-20)° C 


1/0.15-1/0.18 1/0.18-1/0.30 1 

4k (230) 4k kj 30(4 tt)(0.3) 2 


80 W 


K 

W 


or 


3.84xl0“ 4 +^-^ + 0.029 = — = 2.875. 

kj 80 

Solving for the unknown thermal conductivity, find 

kj = 0.062 W/m-K. < 

COMMENTS: The dominant contribution to the total thermal resistance is made by the 
insulation. Hence uncertainties in knowledge of h or kyyi have a negligible effect on the 
accuracy of the k[ measurement. 



PROBLEM 3.58 


KNOWN: Dimensions of spherical, stainless steel liquid oxygen (LOX) storage container. Boiling 
point and latent heat of fusion of LOX. Environmental temperature. 

FIND: Thermal isolation system which maintains boil-off below 1 kg/day. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Negligible thermal resistances 
associated with internal and external convection, conduction in the container wall, and contact between 
wall and insulation, (3) Negligible radiation at exterior surface, (4) Constant insulation thermal 
conductivity. 

PROPERTIES: Table A.l, 304 Stainless steel (T = 100 K): k s = 9.2 W/m-K; Table A.3, Reflective, 
aluminum foil-glass paper insulation (T = 150 K): kj = 0.000017 W/m-K. 

ANALYSIS: The heat gain associated with a loss of 1 kg/day is 

q = mh f = lkg / day (2.13X10 5 j/kg) = 2.47 W 
86,400s/day ' > 


With an overall temperature difference of (t^ -T^p ) 
resistance is 


Rtot — 


AT 

q 


150K 
2.47 W 


60.7 K/W 


150 K, the corresponding total thermal 


Since the conduction resistance of the steel wall is 


R 


f l 1 ' 


t.cond.s — 


47Tk fi 


r l r 2 


An (9.2 W/m-K) 


1 


1 


0.35 m 0.40 m 


= 2.4x10 3 K/W 


it is clear that exclusive reliance must be placed on the insulation and that a special insulation of very low 
thermal conductivity should be selected. The best choice is a highly reflective foil/glass matted 
insulation which was developed for cryogenic applications. It follows that 


R t ,cond,i= 60-7 K/W = 


1 

^---1 

1 

r 1 n 

4^kj 

v r 2 r 3 ) 

An (0.000017 W/m-K) 

[0.40m r 3 J 


which yields r 3 = 0.4021 m. The minimum insulation thickness is therefore 8 = (r 3 - r 2 ) = 2.1 mm. 


COMMENTS: The heat loss could be reduced well below the maximum allowable by adding more 
insulation. Also, in view of weight restrictions associated with launching space vehicles, consideration 
should be given to fabricating the LOX container from a lighter material. 



PROBLEM 3.59 


KNOWN: Diameter and surface temperature of a spherical cryoprobe. Temperature of surrounding 
tissue and effective convection coefficient at interface between frozen and normal tissue. 

FIND: Thickness of frozen tissue layer. 


SCHEMATIC: 


r -1 = 0.0015 m 


Normal tissue [ H 

Too = 37 °C iy Icond 
h = 50 W/m 2 *K 


Probe 


r2 srfflB&rAi =- 30 ° c 


\\ t s ,2=°°c 

Frozen tissue, k = 1.5 W/rrvK 


'Qconv 

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Negligible contact resistance 
between probe and frozen tissue, (3) Constant properties. 

ANALYSIS: Performing an energy balance for a control surface about the phase front, it follows that 


Hence, 


^conv 9cond ^ 


h (4?rr2 ) (T^ - T s 2 ) = 


T s ,2 — T s j 


[( , r l)- (l r 2 )]/ 4 ^k 


r 2 [( V r l) — (V r 2 )] = T 


k ( T s, 2 _T s,l) 


h (Too-\ 2 ) 


12 Yr r 2 Ik (\2- T s,l) _ 1.5 W/m-K ( 30 

r l JLL r l J J hr l (Too-T s , 2 ) (50 w/m 2 k)( 0.0015m) l 37 


r l L r l 


^ H _i = !6.2 


(r 2 /rf) = 4.56 


It follows that r 2 = 6.84 mm and the thickness of the frozen tissue is 


S = r 2 -rj = 5.34mm 



PROBLEM 3.60 


KNOWN: Inner diameter, wall thickness and thermal conductivity of spherical vessel containing 
heat generating medium. Inner surface temperature without insulation. Thickness and thermal 
conductivity of insulation. Ambient air temperature and convection coefficient. 

FIND: (a) Thermal energy generated within vessel, (b) Inner surface temperature of vessel with 
insulation. 

SCHEMATIC: 


Insulation 
kj = 0.04 W/m-K 

St steel wall 
k w = 17 W/m-K 

Pharmaceuticals, E gen 


Pi = 0.50 m 


f / / r 2 = 0.51 m 



i r i i i 


%^ r3=0 ' 53m 

q 

T Sl i 

47tkj[i^" E J 

Too 


T 00 = 25°C 
h = 6 W/m 2 -K 


:[U] 


471 k\* 


h4jtrf 


ASSUMPTIONS: (1) Steady-state, (2) One-dimensional, radial conduction, (3) Constant properties, 
(4) Negligible contact resistance, (5) Negligible radiation. 

ANALYSIS: (a) From an energy balance performed at an instant for a control surface about the 
pharmaceuticals, E g = q, in which case, without the insulation 


E e =q = 


T s,l ~ T« 


(50-25)°C 


1 

fi 0 

1 1 

f i i 3 

1 

| 

4^k w 

1 

1 

s? 

+ 4^ 2 2 h 4* (17 W/m-K) 

v 0.50m 0.51m j 

rr 

4^(0.51m) 2 6W/m 2 -K 


E„ = q = 


25 °C 


(i.84x10“ 4 +5.10x10~ 2 )k/W 


= 489 W 


(b) With the insulation, 


T s,l = T oo+q 


4?rk 


w 


'j__P 

V r l r 2 J 


+ - 


4^:kj 


r 2 r 3 


+ 


1 


47rr 2 h 


T s j = 25°C + 489 W 


1.84x10“ 4 + 


4tt (0.04) 


1 1 


v 0.51 0.53 j 


+ - 


4?r(0.53) 2 6 


K 

W 


T s j = 25°C + 489 W 


1.84xl0“ 4 +0.147+ 0.047 


— = 120°C 
W 


COMMENTS: The thermal resistance associated with the vessel wall is negligible, and without the 
insulation the dominant resistance is due to convection. The thermal resistance of the insulation is 
approximately three times that due to convection. 










PROBLEM 3.61 


KNOWN: Spherical tank of 1-m diameter containing an exothermic reaction and is at 200°C when 

2 

the ambient air is at 25°C. Convection coefficient on outer surface is 20 W/m -K. 


FIND: Determine the thickness of urethane foam required to reduce the exterior temperature to 40°C. 
Determine the percentage reduction in the heat rate achieved using the insulation. 


SCHEMATIC: 

H- 





Tank, T t = 200°C, r t = 0.5 m 


T 0 = 40°C 
r 



T m = 25°C 
h = 20 W/m 2 -K 


Insulation, k = 0.026 W/m-K 




T t T 0 Too 
Red Rev 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial (spherical) conduction 
through the insulation, (3) Convection coefficient is the same for bare and insulated exterior surface, 
and (3) Negligible radiation exchange between the insulation outer surface and the ambient 
surroundings. 


PROPERTIES: Table A-3, urethane, rigid foam (300 K): k = 0.026 W/m-K. 

ANALYSIS: (a) The heat transfer situation for the heat rate from the tank can be represented by the 
thermal circuit shown above. The heat rate from the tank is 

Tt —Tqo 


q = 

Red + Rev 

where the thermal resistances associated with conduction within the insulation (Eq. 3.35) and 
convection for the exterior surface, respectively, are 

p (Ur t 1 /r 0 ) (1/0.5 — l/r 0 ) (1/0.5-1/ip) R 


4;rk 


4^x0.026 W/m-K 


0.3267 


Rcv=-T- = —'— =- '—i -=- = 3.979xl0- 3 r o - 2 K/W 

hA s 47rhro 4 ttx 20 W/m ■ KxTq 

To determine the required insulation thickness so that T 0 = 40°C, perform an energy balance on the o- 
node. 

Tt ~ T 0 ^ Tqq ~ T 0 _ q 

Red Rev 

(200-40) K (25 -40)K 

(1/0.5 — l/r 0 )/0.3267 K/W 3.979xl0 _3 r^ K/W 

r G =0.5135 m t = r G -q = (0.5135 -0.5000) m = 13.5 mm < 


From the rate equation, for the bare and insulated surfaces, respectively, 


q G = 


Tt-Tpp _ (200-25)K 
l/4;rhr t 2 0.01592 K/W 


= 10.99 kW 


9ins - 


_ H 


T f - To, 


(200-25) 


= 0.994 kW 


R cd+ R cv (0.161 + 0.01592)K/W 
Hence, the percentage reduction in heat loss achieved with the insulation is, 


Pins To 

q G 


xlOO = ■ 


0.994-10.99 

1099 


xlOO = 91% 


< 



PROBLEM 3.62 


KNOWN: Dimensions and materials used for composite spherical shell. Heat generation 
associated with stored material. 

FIND: Inner surface temperature, Tp of lead (proposal is flawed if this temperature exceeds 
the melting point). 

SCHEMATIC: 


Lead 


Stainless 

steel 


Radioactive wastes 

(3. =5xlO S W/m 3 ) 



r t = 0.2.5m 
rg_-O.ZOm 

r,-O.Zlm 


AAA 


gujdj 
/i=500V\l/m z -K 

T m -10°C 



-J-/1 jv -Ld_L\ 

d-nk l/j rj rk[r z rj 




ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) Constant 
properties at 300K, (4) Negligible contact resistance. 

PROPERTIES: Table A-l, Lead: k = 35.3 W/m-K, MP = 601K; St.St.: 15.1 W/m-K. 
ANALYSIS: From the thermal circuit, it follows that 


Ti - Too 

q= —-= q 


R 


tot 


4 3 
—n r, 
3 


1 


Evaluate the thermal resistances, 


R Pb 


[l/(4^x35.3 W/m-K)] 


1 

0.25m 


1 

0.30m 


= 0.00150 K/W 


R St.St. = [l/( 4 7TXl5.1 W/m-K)] 


1 

0.30m 


1 

0.31m 


= 0.000567 K/W 


R 


conv 


1 / (4tt x 0.31 2 m 2 x 500 W/m 2 ■ K' 


= 0.00166 K/W 


R tot =0.00372 K/W. 


The heat rate is q=5 x 1 O'’ W/m 2 {An /3)(0.25m) 2 = 32,725 W. The inner surface 
temperature is 

T[ = +R tot q=283K+0.00372K/W(32,725 W) 


Tj = 405 K < MP = 601K. < 

Hence, from the thermal standpoint, the proposal is adequate. 

COMMENTS: In fabrication, attention should be given to maintaining a good thermal 
contact. A protective outer coating should be applied to prevent long term corrosion of the 
stainless steel. 



PROBLEM 3.63 


KNOWN: Dimensions and materials of composite (lead and stainless steel) spherical shell used to store 
radioactive wastes with constant heat generation. Range of convection coefficients h available for 
cooling. 


FIND: (a) Variation of maximum lead temperature with h. Minimum allowable value of h to maintain 
maximum lead temperature at or below 500 K. (b) Effect of outer radius of stainless steel shell on 
maximum lead temperature for h = 300, 500 and 1000 W/m-K. 


SCHEMATIC: 



= 0.25 m 
= 0.30 m 
^4 0.30 m 


(Eg) 

1004/74 1000 W/m 2 -K 
10 °C 



1 / J_ 1 \ 1 / 1_L\ 1 

4nk pb \ ^ r 2 ) 4nk stst \ r 2 03 ) Anr^h 


q 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Steady-state conditions, (3) Constant properties 
at 300 K, (4) Negligible contact resistance. 


PROPERTIES: Table A-l, Lead: k = 35.3 W/m-K, St. St.: 15.1 W/m-K. 


ANALYSIS: (a) From the schematic, the maximum lead temperature Ti corresponds to r = ri, and from 
the thermal circuit, it may be expressed as 


T 1 - T oo + R tot ( l 


where q = q(4/3)?rrp = 5x10^ w/m^ (4 tt/ 3) (0.25 m)^ = 32,725 W . The total thermal resistance is 


R tot R cond,Pb +R cond,St.St +R conv 

where expressions for the component resistances are provided in the schematic. Using the Resistance 
Network model and Thermal Resistance tool pad of IHT, the following result is obtained for the variation 
of Tj with h. 



Continued... 








PROBLEM 3.63 (Cont.) 


To maintain Ti below 500 K, the convection coefficient must be maintained at 

h > 181 W/m 2 K < 

(b) The effect of varying the outer shell radius over the range 0.3 < r 3 < 0.5 m is shown below. 



Outer radius of steel shell, r3(m) 


o h = 300 W/m A 2.K 

- h = 500W/m A 2.K 

a h = 1000 W/m A 2.k 


For h = 300, 500 and 1000 W/m-K, the maximum allowable values of the outer radius are r 3 = 0.365, 
0.391 and 0.408 m, respectively. 


COMMENTS: For a maximum allowable value of Ti = 500 K, the maximum allowable value of the 
total thermal resistance is R tot = (Ti - TJ/q, or R tot = (500 - 283)K/32,725 W = 0.00663 K/W. Hence, any 
increase in R CO nd,st.st due to increasing r 3 must be accompanied by an equivalent reduction in R conv . 




PROBLEM 3.64 


KNOWN: Representation of the eye with a contact lens as a composite spherical system subjected to 
convection processes at the boundaries. 

FIND: (a) Thermal circuits with and without contact lens in place, (b) Heat loss from anterior 
chamber for both cases, and (c) Implications of the heat loss calculations. 


SCHEMATIC: 



ri=10.2mm 

r2=12.7mm 

r3=16.5mm 

T 0 o, i =37°C 

Too, 0 =21 o C 


ki=0.35 W/m-K 
k 2 =0.80 W/m-K 

hj=12 W/m 2 K 
h 0 =6 W/m 2 K 


ASSUMPTIONS: (1) Steady-state conditions, (2) Eye is represented as 1/3 sphere, (3) Convection 
coefficient, h Q , unchanged with or without lens present, (4) Negligible contact resistance. 

ANALYSIS: (a) Using Eqs. 3.9 and 3.36 to express the resistance terms, the thermal circuits are: 


Without lens: 


With lens: 



< 

< 


(b) The heat losses for both cases can be determined as q = (T^ j - Too 0 )/R t . where R t is the 
thermal resistance from the above circuits. 


Without lens: R 


t.wo 


(l0.2xl0~ 3 m) 


12W/m • K47T110.2x10 m ] 
3 


2 An x0.35 W/m-K 


1 1 


10.2 12.7 


1 


10 


-3 


-m 


6 W/m“ • K4;r |l2.7xl0’ 3 m j" 


= 191.2 K/W+13.2 K/W+246.7 K/W=451.1 K/W 


With lens: 


R t w =191.2 K/W+13.2 K/W+ 


47TX0.80 W/m-K 


1 1 


.12.7 16.5 J 10 -3 


-m 


6W/m" -K4;r(l6.5xl0' 3 m)' 

Hence the heat loss rates from the anterior chamber are 
Without lens: q wo = (37 -2l)° C/451.1 K/W=35.5mW 
With lens: q w = (37 - 2l)° C/356.0 K/W=44.9mW 


= 191.2 K/W+13.2 K/W+5.41 K/W+146.2 K/W=356.0 K/W 


< 

< 


(c) The heat loss from the anterior chamber increases by approximately 20% when the contact 
lens is in place, implying that the outer radius, r 3 , is less than the critical radius. 



PROBLEM 3.65 


KNOWN: Thermal conductivity and inner and outer radii of a hollow sphere subjected to a 
uniform heat flux at its outer surface and maintained at a uniform temperature on the inner 
surface. 


FIND: (a) Expression for radial temperature distribution, (b) Heat flux required to maintain 
prescribed surface temperatures. 


SCHEMATIC: 


r t - SO mm 

T SA -ZOX 

r z =i 00777777 

T^-scr c 





ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) 
No generation, (4) Constant properties. 

ANALYSIS: (a) For the assumptions, the temperature distribution may be obtained by 
integrating Fourier’s law, Eq. 3.33. That is, 

Ir 


Or 

rA- 

o 

H 

Hj 

M 

1 

_ 0r_ I 

4 n • 

' r l r 2 

J T s ,l 

4k r 


= -k(T-T s ,,). 


Hence, 


T(r) = T sJ + 


q r 


4k k 
2 


1_J_ 
r r l 


or, with q 2 = q r 14% , 


T(r) = T s , 1+ 3|^ 


l_j_ 

r r, 

(b) Applying the above result at r 2 , 

„ k(T s , 2 -T s ,i) 10 W/m ■ K (50-20)° C 


02 =■ 


r 2 r l 


(0.1m) z 


1 1 


0.1 0.05 


m 


= -3000 W/m" 


COMMENTS: (1) The desired temperature distribution could also be obtained by solving 
the appropriate form of the heat equation, 


d_ 

dr 


r 2dT 

dr 


= 0 


dTr 

and applying the boundary conditions T(q) = T s ] and -k — 

dr 


: 02- 


r 2 


(2) The negative sign on q'{ implies heat transfer in the negative r direction. 



PROBLEM 3.66 


KNOWN: Volumetric heat generation occurring within the cavity of a spherical shell of 
prescribed dimensions. Convection conditions at outer surface. 

FIND: Expression for steady-state temperature distribution in shell. 


SCHEMATIC: 


4 * m 



Heat generating 
material, 3 


conv 


Spherical shell, k 


ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Steady-state conditions, (3) 
Constant properties, (4) Uniform generation within the shell cavity, (5) Negligible radiation. 


ANALYSIS: For the prescribed conditions, the appropriate form of the heat equation is 


d_ 

dr 



= 0 


Integrate twice to obtain, 

r 2 — = Q and T = -^- + C 2 . (1,2) 

dr r 

The boundary conditions may be obtained from energy balances at the inner and outer 
surfaces. At the inner surface (q), 

Eg = q (4/3/r r 3 ) = q concU = -k [ak i- 2 )dT/dr) ri dT/dr) ri = -qq /3k. (3) 


At the outer surface (r G ), 

c lcond,o — k4/r r G dT/dr),^ =q CO nv = r o [^( r o) — T=o] 
dT/dr) ro =-(h/k) [TfeJ-T^]. 


From Eqs. (1) and (3), Q = -qr J / 3k. From Eqs. (1), (2) and (4) 


. 3 
q*i 

■d;i,7 

c 2 =^ 


. 3 

q'i 

3r 0 k 


+ C 2 - To, 


qi'i 


3 hr 2 3r 0 k 


+ T 

1 * rx 


Hence, the temperature distribution is 


q£ 

' 3k 


1 1 


qr. 

+ —V + To, 

3hr 2 


(4) 


< 


COMMENTS: Note that E g = q cond i = q cond o = q conv . 



PROBLEM 3.67 


KNOWN: Spherical tank of 3-m diameter containing LP gas at -60°C with 250 mm thickness of 

insulation having thermal conductivity of 0.06 W/m-K. Ambient air temperature and convection 

2 

coefficient on the outer surface are 20°C and 6 W/m K, respectively. 


FIND: (a) Determine the radial position in the insulation at which the temperature is 0°C and (b) If 
the insulation is pervious to moisture, what conclusions can be reached about ice formation? What 
effect will ice formation have on the heat gain? How can this situation be avoided? 


SCHEMATIC: 



q 


T t T 0 Too 
Rins Rev 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial (spherical) conduction 
through the insulation, and (3) Negligible radiation exchange between the insulation outer surface and 
the ambient surroundings. 


ANALYSIS: (a) The heat transfer situation can be represented by the thermal circuit shown above. 
The heat gain to the tank is 


X»-T, [20-(-60)]K 

R iiis+ R cv (o.1263 + 4.33x1<T 3 )k/W 


= 612.4 W 


where the thermal resistances for the insulation (see Table 3.3) and the convection process on the 
outer surface are, respectively, 

-1 


R 


1/q — 1 /r 0 _ (l/l.50-1/1.75)m~ 


ms 


Rev 


-,Tk 4 ttx 0.06 W/m-K 

1 1 1 


hA s \\AkYq 6 W/m 2 -Kx47r(1.75 m)^ 


■ 0.1263 K/W 

= 4.33x10~ 3 K/W 


To determine the location within the insulation where T 00 (r OQ ) = 0°C, use the conduction rate 


equation, Eq. 3.35, 

47 rk(T 00 -T t ) 

4 - /. , . , \ r oo 

(1/q -l/r OQ ) 

and substituting numerical values, find 


1 4?rk (T 00 - T t ) 


-1 


r oo 


1 4tt x 0.06 W / m ■ K (0 - (-60)) K 


1.5 m 


612.4 W 


-1 


= 1.687 m 


(b) With r GO = 1.687 m, we’d expect the region of the insulation r; < r < r 00 to be filled with ice 
formations if the insulation is pervious to water vapor. The effect of the ice formation is to 
substantially increase the heat gain since kj ce is nearly twice that of kj ns , and the ice region is of 
thickness (1.687 - 1.50)m =187 mm. To avoid ice formation, a vapor barrier should be installed at a 
radius larger than r OG . 



PROBLEM 3.68 


KNOWN: Radius and heat dissipation of a hemispherical source embedded in a substrate of 
prescribed thermal conductivity. Source and substrate boundary conditions. 

FIND: Substrate temperature distribution and surface temperature of heat source. 

SCHEMATIC: 



ASSUMPTIONS: (1) Top surface is adiabatic. Hence, hemispherical source in semi-infinite 
medium is equivalent to spherical source in infinite medium (with q = 8 W) and heat transfer 
is one-dimensional in the radial direction, (2) Steady-state conditions, (3) Constant properties, 
(4) No generation. 


ANALYSIS: Heat equation reduces to 


J_ d_ 
^2 dr 


r2 dT 

dr 


■ 0 


T(r) = -C 1 /r+C 2 . 


r z dT/dr=C! 


Boundary conditions: 


T(“) = T< 


T(r 0 ) = T s 


Hence, C 2 = T^ and 

T s = -Q/r 0 + T*. and Q =r G (T^ -T s ). 
The temperature distribution has the form 


T(r) = T OQ +(T S -T 00 )r 0 /r 


and the heat rate is 

q=-kAdT/dr = -k27T r 2 


(T s -T„)r 0 /r 2 


k2^r r o (T S “ Too ) 


< 


It follows that 


T -T = 

A oo 


4 W 


k2 ^ r o 125 W/m-K2f(l0' 4 m) 


= 50.9 C 


T s =77.9 C. 


< 


COMMENTS: For the semi-infinite (or infinite) medium approximation to be valid, the 
substrate dimensions must be much larger than those of the transistor. 



PROBLEM 3.69 


KNOWN: Critical and normal tissue temperatures. Radius of spherical heat source and radius of tissue 
to be maintained above the critical temperature. Tissue thermal conductivity. 

FIND: General expression for radial temperature distribution in tissue. Heat rate required to maintain 
prescribed thermal conditions. 


SCHEMATIC: 


Tissue 

k = 0.5 W/m-K 
T b = 37 °C 



r Q = 0.5 mm 


r c = 5 mm 
T c = 42 °C 


ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Constant k. 
ANALYSIS: The appropriate form of the heat equation is 


J_ d_ 
r* dr 


dT 

~dr 


= 0 


Integrating twice, 

dT_q 
dr j-2 

T(r) = - —+ C 2 

r 

Since T —> T b as r —> °°, C 2 = T b . At r = r Q , q = -k^TTr^ jdT/dr| r = 
Hence, C 1 = -q/47tk and the temperature distribution is 

T(r) = —-—hTb 
V ’ 4^:kr D 

It follows that 

q = 4^:kr[T(r)-T b ] 

Applying this result at r = r c , 


-4^kr 0 2 C,/r 0 2 


= -47tkCi. 


q = 4 tt (0.5 W/m ■ K) (0.005 m) (42 - 37)° C = 0.157 W < 

COMMENTS: At r c = 0.0005 m, T(r c ) = |^q/(4^kr 0 )J + T b =92°C. Proximity of this temperature to 
the boiling point of water suggests the need to operate at a lower power dissipation level. 



PROBLEM 3.70 


KNOWN: Cylindrical and spherical shells with uniform heat generation and surface temperatures. 
FIND: Radial distributions of temperature, heat flux and heat rate. 

SCHEMATIC: 


Cylindrical shell Spherical shell 



ASSUMPTIONS: (1) One-dimensional, steady-state conduction, (2) Uniform heat generation, (3) 
Constant k. 

ANALYSIS: (a) For the cylindrical shell, the appropriate form of the heat equation is 


1 df dT 
r dr dr 



The general solution is 

T (0 = -^r 2 + c l lnr + c 2 
4k 

Applying the boundary conditions, it follows that 

T ( r l) = T s,l = -7T r l 2 + C ! lnr l + C 2 


T ( r 2 ) = T s,2 = ~~ r 2 + C 1 ln r 2 + C 2 
4k 

which may be solved for 

Ci = [(q/4k)(r 2 2 - q 2 ) + (t s>2 - T sJ )]/ln (r 2 / ri ) 

C 2 =T s,2 + (4/ 4k ) r 2 _C l lnr 2 

Hence, 

T ( r ) = T s,2+(q/ 4k )( r 2 -r 2 )+ (q/ 4k )( r 2 - r l 2 ) + ( T s,2- T s,l) 
With q" = -kdT/dr, the heat flux distribution is 


q'(r) 


• k[(q/4k)(r 2 2 -r 1 2 ) + (T Si2 -T sJ ) 

2 f rln(r 2 /q) 


< 


< 


Continued... 



PROBLEM 3.70 (Cont.) 

Similarly, with q = q A(r) = q" (27trL), the heat rate distribution is 


27rLk 


q(r) = 7TLqr i ‘ -- 


(q/4k)(r 2 2 -r 1 2 ) + (T S)2 -T M ) 


In (r 2 /ri) 

(b) For the spherical shell, the heat equation and general solution are 


1 d ( 2 dT ^ 


dr 


r 2 dr 


+ ^ = 0 
k 

2 


T(r) = -(q/6k)r -Cj/r + C 2 
Applying the boundary conditions, it follows that 
T(ri) = T sJ =-(q/6k)r 1 2 -C 1 /r 1+ C 2 

T(r 2 ) = T s , 2 =-(q/6k)r 2 2 -C 1 /r 2+ C 2 

Hence, 


Ci = 


(q/6k)(r 2 2 -r 1 2 ) + (T s , 2 -T sJ 


C 2 - T s,2 +(q/ 6k ) r 2 +C l /r 2 


and 


' (V r 2 )] 


T ( r ) = T s,2 + (q/ 6k )( r 2 - f2 )- (<l/ 6k )( r 2 - r l 2 ) + ( T s,2 “ T s,l) 
With q" (r) = - k dT/dr, the heat flux distribution is 


(l/ r ) (l/ r 2) 


(V r l) ~ (V r 2 ) 


q'(r) 

and, with q = 

q( r ) = 


(q/6)(r 2 -r 2 ) + k(T s 2 -T s j )1 , 


" 3 


(Vn )-( 1 / r 2 ) r 2 

[{ak^ 

, the heat rate distribution is 

Anq 3 

An 

(q/6)(r 2 - f l 2 ) + k ( T s,2- T s,l) 

r 

3 


( l r l )-( l r 2 ) 


< 


< 


< 


< 



PROBLEM 3.71 

KNOWN: Temperature distribution in a composite wall. 

FIND: (a) Relative magnitudes of interfacial heat fluxes, (b) Relative magnitudes of thermal 
conductivities, and (c) Heat flux as a function of distance x. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant 
properties. 

ANALYSIS: (a) For the prescribed conditions (one-dimensional, steady-state, constant k), 
the parabolic temperature distribution in C implies the existence of heat generation. Hence, 
since dT/dx increases with decreasing x, the heat flux in C increases with decreasing x. 
Hence, 

/r rr 

q3 >q4 

However, the linear temperature distributions in A and B indicate no generation, in which case 

q2 =q3 

(b) Since conservation of energy requires that g = and dT/dx)g < dT/dx)^, it follows 
from Fourier’s law that 

k B >k c . 

Similarly, since t[2,A = q2,B an d dT/dx) A > dT/dx)g, it follows that 
k A <k B . 

(c) It follows that the flux distribution appears as shown below. 








COMMENTS: Note that, with dT/dx^ = 0, the interface at 4 is adiabatic. 







PROBLEM 3.72 


KNOWN: Plane wall with internal heat generation which is insulated at the inner surface and 
subjected to a convection process at the outer surface. 

FIND: Maximum temperature in the wall. 


SCHEMATIC: 


Insulation 



k=Z5V'/[m-K 
'? = 0.3xi(9 i W/m 3 

mr^rc 

1 1 1 h--500\N/m*K 


0.1m 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction with uniform 
volumetric heat generation, (3) Inner surface is adiabatic. 

ANALYSIS: From Eq. 3.42, the temperature at the inner surface is given by Eq. 3.43 and is 
the maximum temperature within the wall, 

T 0 = qL 2 /2k+T s . 

The outer surface temperature follows from Eq. 3.46, 

T s = + qL/h 

T s = 92°C+0.3xl0 6 ^-x0.1m/500W/m 2 ■ K=92°C+60°C=152°C. 
m 3 

It follows that 

T 0 =0.3xl0 6 W/m 3 x(0.1m) 2 /2x25W/mK+152°C 

T 0 = 60°C+152°C=212°C. < 

COMMENTS: The heat flux leaving the wall can be determined from knowledge of h, T s 
and Too using Newton’s law of cooling. 

qconv = h (T s - Too) = 500W/m 2 • K (152- 92)° C=30kW/m 2 . 

This same result can be determined from an energy balance on the entire wall, which has the 
form 

Eg - E ou t = 0 

where 

Eg = qAL and E out = q conv • A. 

Hence, 

qc 0nv = qL=0.3xl0 6 W/m 3 x0.1m=30kW/m 2 . 



PROBLEM 3.73 


KNOWN: Composite wall with outer surfaces exposed to convection process. 

FIND: (a) Volumetric heat generation and thermal conductivity for material B required for special 
conditions, (b) Plot of temperature distribution, (c) Ti and T 2 , as well as temperature distributions 
corresponding to loss of coolant condition where h = 0 on surface A. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, one-dimensional heat transfer, (2) Negligible contact resistance at 
interfaces, (3) Uniform generation in B; zero in A and C. 

ANALYSIS: (a) From an energy balance on wall B, 




To determine the heat fluxes, q" and q", construct thermal circuits for A and C: 



7^ = 25 °C T .| = 261 °C 

(WWW^WWV— 0 

R com ~ R"a ~ l-A /k A 


T 2 = 211 °C Too - 25 ° C 

* owWWWWW 5 


R'c=L c /k c 


R corn 


qi=(Ti-T 00 )/(l/h + L A /k A ) 


q2=(T2-T 0 o)/(L C /k C +l/h) 


q\ = (261-25)° Cl 


1000 W/ m -K 


0.030 m 
25 W/m • K 


q 2 =(211-25)° Ci 


0.020 m 
50W/mK 


1000 W/ m -K 


qj = 236°C/(0.001 + 0.0012 )m 2 • K/W 


q 2 =186°C/(0.0004 + 0.00l)m 2 -K/W 


q[ = 107,273 W/ m 


q 2 = 132,857 W/m 


Using the values for q[ and q 2 in Eq. (1), find 

q B = ^106,818 + 132,143 w/m 2 jy/2x0.030m = 4.00xl0 6 w/m 3 . < 

To determine k B , use the general form of the temperature and heat flux distributions in wall B, 

T(x) = --^-x 2 +C,x + Co ql(x)=-k R —^-x + C, (1,2) 

2k B L k B J 

there are 3 unknowns, Ci, C 2 and k B , which can be evaluated using three conditions, 

Continued... 





PROBLEM 3.73 (Cont.) 


T (-L b ) = T l =--^~ (-L b f - CjL b + C 2 
2k B 


T ( +L b)“ T 2 -““““(■'■LB ) /+C l L B +C 2 


where T 2 = 211 °C 


2k 


q* (- L B) = -q[ = - k i 


(-l b )+Ci 


where q[ = 107,273 W/m 2 


Using IHT to solve Eqs. (3), (4) and (5) simultaneously with q B = 4.00 x 10 6 W/m 3 , find 


k B = 15.3 W/m • K 


( 3 ) 

( 4 ) 

( 5 ) 

< 


(b) Following the method of analysis in the IHT Example 3.6, User-Defined Functions , the temperature 
distribution is shown in the plot below. The important features are (1) Distribution is quadratic in B, but 
non-symmetrical; linear in A and C; (2) Because thermal conductivities of the materials are different, 
discontinuities exist at each interface; (3) By comparison of gradients at x = -L B and +L B , find q 2 > q[ . 


(c) Using the same method of analysis as for Part (c), the temperature distribution is shown in the plot 
below when h = 0 on the surface of A. Since the left boundary is adiabatic, material A will be isothermal 
at Ti. Find 

Ti - 835°C To - 360°C < 


Loss of coolant on surface A 



—T_xA, kA = 25 W/m.K 
— 1 — T_x, kB = 15 W/m.K, qdotB = 4.00e6 W/m A 3 
—©— T_x, kC = 50 W/m.K 



x T_xA, kA = 25 W/m.K; adiabatic surface 
—i— T_x, kB = 15 W/m.K, qdotB = 4.00e6 W/m A 3 
—T_x, kC = 50 W/m.K 





PROBLEM 3.74 


KNOWN: Composite wall exposed to convection process; inside wall experiences a uniform heat 
generation. 

FIND: (a) Neglecting interfacial thermal resistances, determine Ti and T 2 , as well as the heat fluxes 
through walls A and C, and (b) Determine the same parameters, but consider the interfacial contact 
resistances. Plot temperature distributions. 


SCHEMATIC: 



£ = 25 ° C 
h = 1000 W/m 2 • K 




k A = 25W/m-K L A = 30mm 

k B = 15W/m-K L B = 30mm 

k c =50W/m-K L c = 20mm 


q B = 4 x 10 6 W/m 3 


ASSUMPTIONS: (1) One-dimensional, steady-state heat flow, (2) Negligible contact resistance 
between walls, part (a), (3) Uniform heat generation in B, zero in A and C, (4) Uniform properties, (5) 
Negligible radiation at outer surfaces. 

ANALYSIS: (a) The temperature distribution in wall B follows from Eq. 3.41, 



- l B x +l b 

The heat fluxes to the neighboring walls are found using Fourier’s law, 


, dT 

q x =-k—• 

dx 


At x = -L B : qx(-L B )-k B 
At x = +L b : q"(L B )-k B 


T 2 -T 1 


4b 
k i 

- m (l b ) + 

k B V 2 L b 


+—(l b )+ 

k B 2 L b 


T 2 -Ti 


= qi(2) 

q 2 (3) 


The heat fluxes, qf and q 2 , can be evaluated by thermal circuits. 


T- 


1 

o-AAAA/WWAAAA/WW) 



o-AAAAAA/V—VWW\AA 


Mh L A /k A q 2 L c /k c Mh 

Substituting numerical values, find 

qi = (Too - T 2 )° c/ (l/h + L a /k A ) = (25 - Tj)° C (l/lOOO w/m 2 • K + 0.03 m/25 W/m • K) 

q{ = (25 — T[)° c/(0.001 + 0.0012) K/W = 454.6 (25 — Tj) (4) 

02 = ( t 2 - Too )° C/(l/h + L c /k c ) = (T 2 - 25)° C j (l/lOOO w/m 2 • K + 0.02 m/50 W/m • k) 

42 = (T 2 -25) o c/(0.00 1 + 0.0004)k/ w = 7 14 .3(T 2 - 2 5). (5) 


Continued... 






PROBLEM 3.74 (Cont.) 

Substituting the expressions for the heat fluxes, Eqs. (4) and (5), into Eqs. (2) and (3), a system of two 
equations with two unknowns is obtained. 

Eq. (2): -4xl0 6 w/m 3 x0.03m +15 W/m-K T2 ~ Tl = q T 

2x 0.03 m 

-1.2x 10 5 w/m 2 - 2.5 x 10 2 (T 2 - Tj) w/m 2 = 454.6 (25 - T : ) 

704.6Tj -250T 2 = 131,365 (6) 

Eq. (3): +4xl0 6 w/m 3 x0.03m-15 W/m-K-^—^-= qo 

2x 0.03 m 

+1.2X10 5 w/m 2 -2.5xl0 2 (T 2 -T^w/m 2 =714.3(T 2 -25) 


250Tj -964T 2 = -137,857 (7) 

Solving Eqs. (6) and (7) simultaneously, find 

Ti = 260.9°C T 2 = 210.0°C < 

From Eqs. (4) and (5), the heat fluxes at the interfaces and through walls A and C are, respectively, 

q[ = 454.6 (25 -260.9) = -107,240 w/m 2 < 

q 2 = 714.3 (210 — 25) = +132,146 w/m 2 . < 

Note directions of the heat fluxes. 


(b) Considering interfacial contact resistances, we will use a different approach. The general solution for 
the temperature and heat flux distributions in each of the materials is 

t a( x ) = C 1 x + C 2 9x=~ k A C l ~( L A +L b)- x - _L B (1.2) 

T b (x) = —^-x 2 +C 3 x + C 4 q;=-^-x+C 3 -L b <x<L b (3,4) 

2k B k B 

t c( x ) = C 5 x + C 6 9x =_k C C 5 +L b < x < (L b + l c) (5.6) 


To determine Ci ... C f) and the distributions, we need to identify boundary conditions using surface 
energy balances. 


At x — -(L a + L b ): 

-q;(-L A -L B ) + qc V =0 (7) 

- ( _k ACi) + h [Too - T a (-L a - L b )] (8) 



x=-(L a +L b ) 


At x = -Lfj: The heat flux must be continuous, but the temperature will be discontinuous across the 
contact resistance. 

4x, A (“ l B ) = 0x,B (“ l B ) (9) 

q X ,A ( -L B ) = [ T 1A 1-L B ) -T lB ( -L B )]/ R tc,AB (^) q'^( 

x = -L b x = -L b 

Continued... 

PROBLEM 3.74 (Cont.) 













At x = + L b : The same conditions apply as for x = -L B , 

9x,B ( +l B ) = 9x,C ( +l B ) (11) 

9x.B ( +L B ) = t T 2B ( +L B ) _T 2C ( +L B )]/ R tc,BC (12) 

At x = +(L b + L c ): 

_< lx,c( L B +L c) _< lcv =0 (13) 

-(-k c C 5 )-h[T c (L B+ L c )-T oo ] = 0 (14) 

X = (fg + Lq) 

Following the method of analysis in IHT Example 3.6, User-Defined Functions, we solve the system of 
equations above for the constants C| ... Cg for conditions with negligible and prescribed values for the 
interfacial constant resistances. The results are tabulated and plotted below; q[ and q 2 represent heat 
fluxes leaving surfaces A and C, respectively. 


Conditions 

T 1A (°C) 

Tib (°C) 

T 2B (°C) 

T 2C (°C) 

q[ (kW/m 2 ) 

q 2 (kW/m 2 ) 

R te 

260 

260 

210 

210 

106.8 

132.0 

R tc ^ 0 

233 

470 

371 

227 

94.6 

144.2 




Wall position, x-coordinate (mm) Wall position, x-coordinate (mm) 

T_xA, kA = 25 W/m.K 

T_x, kB = 15 W/m.K, qdotB = 4.00e6 W/m A 3 
T_x, kC = 50 W/m.K 

COMMENTS: (1) The results for part (a) can be checked using an energy balance on wall B, 

R in — E out = —Eg 
9l “42 = _ 9 b x 2L b 

where 

q{ - q" 2 = -107,240 -132,146 = 239,386 w/m 2 

-q B L B = -4xl0 6 w/m 3 x2(0.03m) = -240,000w/m 2 . 

Hence, we have confirmed proper solution of Eqs. (6) and (7). 

(2) Note that the effect of the interfacial contact resistance is to increase the temperature at all locations. 
The total heat flux leaving the composite wall (qi + q 2 ) will of course be the same for both cases. 



T_xA, kA = 25 W/m.K 

T_x, kB = 15 W/m.K, qdotB = 4.00e6 W/m A 3 
T x, kC = 50 W/m.K 















PROBLEM 3.75 


KNOWN: Composite wall of materials A and B. Wall of material A has uniform generation, while 
wall B has no generation. The inner wall of material A is insulated, while the outer surface of 
material B experiences convection cooling. Thermal contact resistance between the materials is 
„ —4 2 

R tc =10 m K/W. See Ex. 3.6 that considers the case without contact resistance. 


FIND: Compute and plot the temperature distribution in the composite wall. 


SCHEMATIC: 


<3a 

kA 



R” c = 10" 4 m 2 -K/W 


To, = 30°C 
h = 1000 W/m 2 -K 



q B = 0 

k B = 150 W/m-K 
= 20 mm 


Tia Tie T 2 Too 

—► •AW L * h AW^ / WA* 

QxILa) — PaLa R t c ^cond.B ^conv 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction with constant 
properties, and (3) Inner surface of material A is adiabatic. 


ANALYSIS: From the analysis of Ex. 3.6, we know the temperature distribution in material A is 
parabolic with zero slope at the inner boundary, and that the distribution in material B is linear. At 
the interface between the two materials, x = La, the temperature distribution will show a 
discontinuity. 


Ta ( x ) 


qL 2 A 

2k A 


f 


2 A 


x 



+ T 1A 


0 < x < L A 


T B (x) = T 1B -(T 1B -T 2 )^- L ^ 

l b 


L a < x < L a + L b 


Considering the thermal circuit above (see also Ex. 3.6) including the thermal contact resistance, 

TlA Too _ Tjg Tqq _ T 2 Xxi 


q =qL A 


R 


tot 


Rcond.B + Rc 


r; 


find T a (0) = 147.5°C, Ti A = 122.5°C, Tig = 115°C, and T 2 = 105°C. Using the foregoing equations 
in IHT, the temperature distributions for each of the materials can be calculated and are plotted on the 

graph beloW. Effect of thermal contact resistance on temperature distribution 



x(mm) 

COMMENTS: (1) The effect of the thermal contact resistance between the materials is to increase 
the maximum temperature of the system. 

(2) Can you explain why the temperature distribution in the material B is not affected by the presence 
of the thermal contact resistance at the materials’ interface? 




PROBLEM 3.76 


KNOWN: Plane wall of thickness 2L, thermal conductivity k with uniform energy generation q. 

For case 1, boundary at x = -L is perfectly insulated, while boundary at x = +L is maintained at T 0 = 
50°C. For case 2, the boundary conditions are the same, but a thin dielectric strip with thermal 
„ 2 

resistance R t = 0.0005 m • K/W is inserted at the mid-plane. 

FIND: (a) Sketch the temperature distribution for case 1 on T-x coordinates and describe key 
features; identify and calculate the maximum temperature in the wall, (b) Sketch the temperature 
distribution for case 2 on the same T-x coordinates and describe the key features; (c) What is the 
temperature difference between the two walls at x = 0 for case 2? And (d) What is the location of the 
maximum temperature of the composite wall in case 2; calculate this temperature. 

SCHEMATIC: 

- R’[ = 0.0005 m 2 -K/W 
T 0 = 50°C 

I 

L Case 2 



q = 5x10 6 W/m 3 
k = 50 W/m-K 
L = 20 mm 


Case 1 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in the plane and 
composite walls, and (3) Constant properties. 


ANALYSIS: (a) For case 1, the temperature distribution, Tj(x) vs. x, is parabolic as shown in the 
schematic below and the gradient is zero at the insulated boundary, x = -L. From Eq. 3.43, 


Ti(-l)-Ti(+l) = 


q(2L)^ 5xl0 6 W/m 3 (2x0.020 m)" 


2k 


2x50 W/m-K 


■ 80°C 


and since Ti(+L) = T 0 = 50°C, the maximum temperature occurs at x = -L, 

T, (-L) = T, (+L) + 80°C = 130°C 

(b) For case 2, the temperature distribution, T 2 (x) vs. x, is piece-wise parabolic, with zero gradient at 
x = -L and a drop across the dielectric strip, AT A b- The temperature gradients at either side of the 
dielectric strip are equal. 



W 


AT ab 

B 


A*, 

« 0 ) ' 

I 

k i' 

x = 0 

Part (d) Surface energy balance 


(c) For case 2, the temperature drop across the thin dielectric strip follows from the surface energy 
balance shown above. 

q'x(0) = AT AB /R; q'x(0) = qL 

ATab = R t qL = 0.0005 m 2 -K/Wx5xl0 6 W/m 3 x0.020 m = 50°C. 

(d) For case 2, the maximum temperature in the composite wall occurs at x = -L, with the value, 

T 2 (-L) = T 1 (-L) + AT ab =130°C + 50°C = 180°C < 





PROBLEM 3.77 


KNOWN: Geometry and boundary conditions of a nuclear fuel element. 


FIND: (a) Expression for the temperature distribution in the fuel, (b) Form of temperature 
distribution for the entire system. 


SCHEMATIC: 


Steel 


A 


1 




Nuclear fuel t kf 
-Steel , k* 




l : ~L 


t 


Ts., 


~^s,z 


tttE 


CO, 


ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state conditions, (3) 
Uniform generation, (4) Constant properties, (5) Negligible contact resistance between fuel 
and cladding. 

ANALYSIS: (a) The general solution to the heat equation, Eq. 3.39, 

^ + f = 0 (-L < x < +L) 

dx 2 k f 


is T = —— x 2 + CfX+C 2 . 

2kf 


The insulated wall at x = - (L+b) dictates that the heat flux at x = - L is zero (for an energy 
balance applied to a control volume about the wall, Ej n = E out = 0). Hence 


dT 


dx 


lx=-L 


_q_ 

k f 


(—L) + Cf =0 


or 


Q=- 


A 

k f 


T = — 


-lx 2 

2k f 


qL 

k f 


x+C 2 . 


The value of T s j may be determined from the energy conservation requirement that 
Eg = 9cond = 9conv’ or on a un it area basis. 


q(2L) = -^(T S!l -T s?2 ) = h(T S52 -T 00 ). 


Hence, 


l s,l 


q(2 Lb) 


+ T 


s,2 


where 


l s,2 


q(2L) 


+ T 

• 1 Ot 


l S,l 


q(2Lb) q(2L) 


+ - 


- + T 

1 1 oo • 


Continued 







u-by 


X 





PROBLEM 3.78 


KNOWN: Thermal conductivity, heat generation and thickness of fuel element. Thickness and 
thermal conductivity of cladding. Surface convection conditions. 

FIND: (a) Temperature distribution in fuel element with one surface insulated and the other cooled 
by convection. Largest and smallest temperatures and corresponding locations, (b) Same as part (a) 
but with equivalent convection conditions at both surfaces, (c) Plot of temperature distributions. 


SCHEMATIC: 


L = 0.15 m —14 

Insulated 
surface 
(part a) 




0.003 m 
Cladding 
k s = 15 W/m-K 

To, = 200°C 
h = 10,000 W/m 2 -K 


Fuel, q = 2x10 7 W/m 3 , k f = 60 W/m-K 


ASSUMPTIONS: (1) One-dimensional heat transfer, (2) Steady-state, (3) Uniform generation, (4) 
Constant properties, (5) Negligible contact resistance. 


ANALYSIS: (a) From Eq. C. 1, 


TOO 


qL- 


2k f 


v 


X 2 ^ 
L " J 


+ T s , 2 -T s> i x + T sJ+ T s , 2 


L 


(1) 


With an insulated surface at x = -L, Eq. C.10 yields 


T s,l~ T s,2 


2qL 2 

k f 


and with convection at x = L + b, Eq. C. 13 yields 
U(t S i2 “T M ) = qL-fr(T Si2 - T s j) 


T s,1- T s,2 = 


2LU 

k f 


(T s .2-T„)-^ 


Substracting Eq. (2) from Eq. (3), 


0 = ^(T S ,2-T M )- 


4qL^ 

k f 


T S,2 - Too + 


2qL 

~L T 


( 2 ) 


(3) 


(4) 


Continued 





PROBLEM 3.78 (Cont.) 


and substituting into Eq. (2) 
T s ,i = T 00 +2qL 


L 1 
U 


(5) 


Substituting Eqs. (4) and (5) into Eq. (1), 

T (x) = -^-5—x 2 -^^x + qL 


2kf kf 


2 3 L 

U 2k f 


+ Xv 


or, with U 1 = h * + b/k s , 


T(x) = — x 2 -x + qL 

v ’ 2k f k f 


^2b 2 3 L A 

- 1 - 1 - 

k s h 2 kf 


+ T 

1 A rx 


( 6 ) < 


The maximum temperature occurs at x = - L and is 


T(-L) = 2qL 


( b 1 L A 

-+-+- 

k s h k f 


+ T 

1 1 rx 


f 


t(-l) = 2 X 2 X10 7 W / m 3 x 0.015 m 


0.003m 


0.015 m 


A 


15 W / m ■ K ] 0 ,000 W / m 2 ■ K 60W/m-K 


+ 200°C = 530°C 


The lowest temperature is at x = + L and is 


T ( + L) = -f£ +4 L 


2b 2 3 L 

- 1 - 1 - 

k s h 2 kf 


+ T oa = 380°C 


(b) If a convection condition is maintained at x = - L, Eq. C.12 reduces to 

U(T M -T s>1 )=-qL-|r(T s>2 -T s>1 ) 


T S ,1-T S , 2 =^(T S>1 -T M )- 

Subtracting Eq. (7) from Eq. (3), 

2LU 


2qL z 

k f 


0- . (Ts,2 Too T sJ + Too) 0r T s f-T s 2 

Kf 


( 7 ) 


Hence, from Eq. (7) 


Continued 




qL 


T s ,l - T s 2 - ^ + Too - qL 


PROBLEM 3.78 (Cont.) 

+ Xv, 


f \ b A 


-h 

h k 

v s J 


(8) 


Substituting into Eq. (1), the temperature distribution is 


T(x) = 


qL 


f 


2k f 


x 2 ^ 
1-^2 
L 2 


v 


+ qL 


J 




1 b 

— +- 

h k Q 


+ T 

1 1 rv 


(9) < 


The maximum temperature is at x = 0 and is 

, , 2xl0 ? W/m 3 (0.015m) 2 7 3 

T( 0 ) =---— + 2x10 W/m x0.015m 

2 x 60 W / m • K 


T (0) = 37.5°C + 90°C + 200°C = 327.5°C 

The minimum temperature at x = + L is 


10,000W/m • K 


0.003 m 
15 W/m-K 


A 


+ 200°C 


T s l =T s<2 =2 x 10 7 W/m 3 (0.015m) 


1 | 0.003 m 

10,000W/m 2 ■ K 15W/m K 

\ 

(c) The temperature distributions are as shown. 


+ 200°C = 290°C < 



—Insulated surface 
—x— Sym m etrical convection conditions 


The amount of heat generation is the same for both cases, but the ability to transfer heat from both 
surfaces for case (b) results in lower temperatures throughout the fuel element. 

COMMENTS: Note that for case (a), the temperature in the insulated cladding is constant and 
equivalent to T s j = 530°C. 




PROBLEM 3.79 

KNOWN: Wall of thermal conductivity k and thickness L with uniform generation q ; strip heater 

with uniform heat flux q^; prescribed inside and outside air conditions (hp T^, p h Q , Too 0 ). 

FIND: (a) Sketch temperature distribution in wall if none of the heat generated within the wall is lost 
to the outside air. (b) Temperatures at the wall boundaries T(0) and T(L) for the prescribed condition, 
(c) Value of q" required to maintain this condition, (d) Temperature of the outer surface, T(L), if 

q=0 but q^ corresponds to the value calculated in (c). 


SCHEMATIC: 


Strip heater, 9 0 

Outside chamber 

L, 0 --25°C 
h 0 :5W/f, 



■Wall, 9=1000W/m* 
k=4W/m-K 

Inside chamber' 


L-ZOOmm 


f f f X^soX 
I I 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Uniform 
volumetric generation, (4) Constant properties. 


ANALYSIS: (a) If none of the heat generated within the wall is 
lost to the outside of the chamber, the gradient at x = 0 must be zero. 
Since q is uniform, the temperature distribution is parabolic, with 

T(L) > T^p 

(b) To find temperatures at the boundaries of wall, begin with the 
general solution to the appropriate form of the heat equation (Eq.3.40). 



T(x) 


--3-x 2 +qx+c 2 

2k 


From the first boundary condition, 


dT 

dx 


x=o 


:0 


—> 


q =o. 


(1) 

( 2 ) 


Two approaches are possible using different forms for the second boundary condition. 
Approach No. 1: With boundary condition —> T (0) = Tj 


TOO 


-^x 2 

2k 


+ Ti 


(3) 


To find Tp perform an overall energy balance on the wall 
^in - E ou t + Eg = 0 

-h [T (L) - T^j ] + qL=0 T (L) = T 2 = T^j + ^ 


(4) 


Continued 







PROBLEM 3.79 (Cont.) 


and from Eq. (3) with x = L and T(L) = T 2 , 

T ( L ) = -id +Tl or Tl =T 2+ |-I?=T„, i+ 5M^ 

Substituting numerical values into Eqs. (4) and (6), find 

T 2 = 50° C+1000 W/m 3 x 0.200 m/20 W/m 2 ■ K=50°C+10°C=60°C 
T, = 60°C+1000 W/m 3 x (0.200 m) 2 / 2x 4 W/m ■ K=65°C. 


< 

< 


Approach No. 2: Using the boundary condition 


-k 


dT 

dx 


x=L 


= h[T(L)-T„j] 


yields the following temperature distribution which can be evaluated at x = 0.L for the required 
temperatures, 


T (x) = -i(x 2 - L2 ) + f + T„., 

(c) The value of q£ when T(0) = Tj = 65°C 
follows from the circuit 

» 0 
%=—TTT- 

1/h 0 

qo = 5 W/m 2 ■ K (65-25)° C=200 W/m 2 . 

(d) With q=0, the situation is represented 
by the thermal circuit shown. Hence, 


r mi0 VohT t 

(HWW-O < -77 

l(h 0 % 


4o =qa + qt> 

» _ T] — Too q — Tx^j 

qo _ - 1 - 

l/h 0 L/k+l/hj 


£ 


~Hh 0 H L/k 


Z. 0 *4 L.I 

- OWVMWVHWWO 


llhi 


% 


< 


which yields 

Tj =55°C. 


< 



PROBLEM 3.80 


KNOWN: Wall of thermal conductivity k and thickness L with uniform generation and strip heater 
with uniform heat flux tp,; prescribed inside and outside air conditions (j. h,, 0 , h D ). Strip heater 

acts to guard against heat losses from the wall to the outside. 

FIND: Compute and plot tp, and T(0) as a function of q for 200 < q < 2000 W/m 3 and j = 30, 50 
and 70°C. 


SCHEMATIC: 


Strip heater, q" 



L 0 = 25 ° c 

h Q = 5 W/m 2 -K 


Wall, q 
k = 4W/m ■ K 


200 mm 


Inside 
\chamber 


W =50 ° C 

hj= 20 W/m 2 ' 


K 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Uniform volumetric 
generation, (4) Constant properties. 


ANALYSIS: If no heat generated within the 
wall will be lost to the outside of the chamber, 
the gradient at the position x = 0 must be zero. 
Since q is uniform, the temperature distribution 
must be parabolic as shown in the sketch. 



To determine the required heater flux q^ as a function of the operation conditions q and T^ j, the 

analysis begins by considering the temperature distribution in the wall and then surface energy balances 
at the two wall surfaces. The analysis is organized for easy treatment with equation-solving software. 

Temperature distribution in the wall, T(x): The general solution for the temperature distribution in the 
wall is, Eq. 3.40, 


T(x) = — — x“ -t-Qx +C 2 
2 k 


and the guard condition at the outer wall, x = 0, requires that the conduction heat flux be zero. 
Fourier’s law, 

dT ^ 

q '(0) = -k— =-kc, =0 (q=o) 

dx )x=0 

At the outer wall, x = 0, 

T(0) = c 2 


Using 

(1) 

( 2 ) 


Surface energy balance, x = 0: 
®in — ^out = 0 
4o — 4cv,o ~ 4x (0) — ® 

qcv, 0 =h ( T ( 0 )- T oc,o)-qx (o) = o 


(3) 



x = 0 


(4a,b) 


Continued... 













PROBLEM 3.80 (Cont.) 


Surface energy balance, x = L: 


^in 1-out 


= 0 


q x (D q C v,i ® (5) 

* dTA 

q x (L) = -k— =+qL (6) 

dx Jx=L 

qcv,i =h[T(L)-T 00>i ] 


1CV,1 


= h 


_ ~L 2 +T(0)-T ooi 
2 k ’ 


m 



x = L 


(7) 


Solving Eqs. (1) through (7) simultaneously with appropriate numerical values and performing the 
parametric analysis, the results are plotted below. 



Volumetric generation rate, qdot (W/mX!) 


Volumetric generation rate, qdot (W/mX!) 


- Tinfi = 30 C 

■*— Tinfi = 50 C 
■e— Tinfi = 70 C 


- Tinfi = 30 C 

—*— Tinfi = 50 C 

—e— Tinfi = 70 C 


From the first plot, the heater flux is a linear function of the volumetric generation rate q. As 
expected, the higher q and j, the higher the heat flux required to maintain the guard condition 
(q x (0) = 0). Notice that for any q condition, equal changes in j result in equal changes in the 
required q^ . The outer wall temperature T(0) is also linearly dependent upon q. From our knowledge 
of the temperature distribution, it follows that for any q condition, the outer wall temperature T(0) will 
track changes in j. 











PROBLEM 3.81 


KNOWN: Plane wall with prescribed nonuniform volumetric generation having one 
boundary insulated and the other isothermal. 

FIND: Temperature distribution, T(x), in terms of x, L, k, q Q and T 0 . 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x- 
direction, (3) Constant properties. 

ANALYSIS: The appropriate form the heat diffusion equation is 


_d_ 

dx 


dT 

dx 


+ ^ = 0. 


Noting that q = q(x) = q Q (l-x/L), substitute for q(x) into the above equation, separate 
variables and then integrate, 

i a r „2~i 

+ Cj. 


dT 


"l-*" 

dx ^ = -3o 

1 

X 

1 

1 * 
to 

_1 

dx _ 

k 

L 

dx k 

2LJ 


Separate variables and integrate again to obtain the general form of the temperature 
distribution in the wall. 


+ C 1 x+C 2 - 


Identify the boundary conditions at x = 0 and x = L to evaluate C | and C 2 . At x = 0, 
I - t — _ 


dT = _% 

* 2 1 
x - — 

dx+Cidx T(x) = - — 

1 

| ' 
X 1 ' 

1 

(N 1 , 
X 

i_ 

k 

2L 

k 

2 6LJ 


T(0) = T o =-^(0-0) + C 1 -0 + C 2 


At x = L, 


dT" 

= 0 = -^ 

L- — 

dx. 

x=L k 

2L 


The temperature distribution is 


T(x) = —— 
v ’ k 


2 3 

x z x J 


6L 


+ Ci 


+ ^x + T 0 

2k ° 


hence, C 2 = T 0 


hence, Ci = 

1 2k 


COMMENTS: It is good practice to test the final result for satisfying BCs. The heat flux at 
x = 0 can be found using Fourier’s law or from an overall energy balance 


E ou t = Eg = Jq qdV to obtain qout = q 0 E/ 2 - 



PROBLEM 3.82 

KNOWN: Distribution of volumetric heating and surface conditions associated with a quartz 
window. 


FIND: Temperature distribution in the quartz. 
SCHEMATIC: 


9 " 

-*0 



-OCX 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) 
Negligible radiation emission and convection at inner surface (x = 0) and negligible emission 
from outer surface, (4) Constant properties. 

ANALYSIS: The appropriate form of the heat equation for the quartz is obtained by 
substituting the prescribed form of q into Eq. 3.39. 

d^T a {^~P) < io g -ax _q 
dx 2 k 


Integrating, 

dT (l-(5)q Q ax 

— = -l-e + Ci 

dx k 1 


T = -k-31!q'e-“ x +Cix+C 2 


Boundary Conditions: 


-k dT/dx) x=0 = /?q' 

-k dT/dx) x=L = h [T (L) - Tc ] 


Hence, at x = 0: 


-k 


( 1-/0 


Q = 


k 

-q'o/k 


qo+Ci 


Ko 


At x = L: 


(1-/0 » -ah , r 
——q Q e +Ci 


= h 


(l ) " -CCL I ( ' j , 

— q 0 e +CjL+C2 
k a 


Substituting for Ci and solving for C 2 , 
1 —(1 —yS)e _<xL 

0 -/0qo 


c 2 = — 

2 h 


+ % + M^l e -« l +t 
k k a 


Hence, 


T( x ) : 


ka 


e -aL_ e -ax 


+ qo(L- x ) + ^ l-(l-j8)e 
k h L 


q G 


■aL 


+ T < 

1 1 on • ^ 


COMMENTS: The temperature distribution depends strongly on the radiative coefficients, a 
and |1. For a —> °° or p = 1, the heating occurs entirely at x = 0 (no volumetric heating). 



PROBLEM 3.83 


KNOWN: Radial distribution of heat dissipation in a cylindrical container of radioactive 
wastes. Surface convection conditions. 


FIND: Radial temperature distribution. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant 
properties, (4) Negligible temperature drop across container wall. 

ANALYSIS: The appropriate form of the heat equation is 


1 d ( dT 3 
r 


r dr 

dT 

r —: 
dr 


dr 


q 

k 


k 


v 




• 2 -4 

_ + T_ + Cl 


2k 


4kr, 


o 


L o 


T = -^— + - < ^- r + C 1 In r+C 2 . 


4k 


16kr2 


From the boundary conditions, 

lr=0 = 0 —> Q = 0 
dr 


' k ^7 lr=r ° =h [ T ( r o)‘ T “)] 


! q 0 r o q 0 r o _ h 


wt+^i+c T 

4k 16k 2 


C 2 =^> + 
2 4h 


3 q 0 r o 

16k 


+ To, 


Hence 


T'frf — T I qo r Q I qo r Q 

{) °° 4h k 


A_I 

16 4 


( .. \ 


1 

H- 

16 


f a4 

r 


v 
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COMMENTS: Applying the above result at r 0 yields 
T s = T (r 0 ) = T 00+ (q 0 r 0 )/4h 

The same result may be obtained by applying an energy balance to a control surface about the 
container, where Eg = q conv . The maximum temperature exists at r = 0. 



PROBLEM 3.84 


KNOWN: Cylindrical shell with uniform volumetric generation is insulated at inner surface 
and exposed to convection on the outer surface. 

FIND: (a) Temperature distribution in the shell in terms of q, r G , q, h, Tx, and k, (b) 
Expression for the heat rate per unit length at the outer radius, q'(r 0 ). 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial (cylindrical) 
conduction in shell, (3) Uniform generation, (4) Constant properties. 

ANALYSIS: (a) The general form of the temperature distribution and boundary conditions 
are 


T ( r ) = -A r 2 + Cilnr + C2 


atr = rp — 

1 i 


dT 

dr 




■ 0 — —q +Ci —+ 0 

2k 1 1 




C l=-f 

1 2k 1 


at r = r G : 


-k" 

dr 


h T (r G ) - T^ ] surface energy balance 


An 


—— r o + 

2k ° 


2k 1 r n 


v 


J J 


- —r 2 + 
4k ° 


r q_ r 2 N 
v 2k ^ , 


In r G +C 2 -To, 




( \ 

2" 

• 2 

1 

( \ 

2 

q r o 

1 + 

3_ 


+ q r o 

3_ 

lnr 0 

2h 


V r ° J 


2k 

2 

V r ° J 


+ T^ 


Hence, 


T(r) = —fo _r 2 ) +—In 

4k' ' 2k 


f \ 



f V 2 1 

r 

_ q>o 

1 + 

JL 



2h 


V r ° J 



+ Too. 


(b) From an overall energy balance on the shell, 

qr( r o) = Eg =q^r(r 2 -r 2 ). < 

Alternatively, the heat rate may be found using Fourier’s law and the temperature distribution, 


q'r (r) = -k(2?rr 0 )^ 
dr 


= -2k kr n 


An 


2 k 


qr 2 J_ 

2 k In 


= q^:(r 2 -r 2 ) 



PROBLEM 3.85 


KNOWN: The solid tube of Example 3.7 with inner and outer radii, 50 and 100 mm, and a thermal 
conductivity of 5 W/m-K. The inner surface is cooled by a fluid at 30°C with a convection coefficient 
of 1000 W/m 2 K. 

FIND: Calculate and plot the temperature distributions for volumetric generation rates of 1 x 10 5 , 5 
x 10 5 , and 1 x 10 6 W/m\ Use Eq. (7) with Eq. (10) of the Example 3.7 in the IHT Workspace. 


SCHEMATIC: 



q = 1x10 s , 5x10 5 , IxlO 6 W/m 3 
k = 5 W/m-K 

Ts,2 

Insulation 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) Constant 
properties and (4) Uniform volumetric generation. 


ANALYSIS: From Example 3.7, the temperature distribution in the tube is given by Eq. (7), 
m ^ 4 ,2 * ( r 2 1 <r r <r 


T(r) = T s , 2+ -Ur 2 2 -r 2 )- 


.-S-AdSL 

2 k 2 r 


q < r < r 2 


The temperature at the inner boundary, T s j, follows from the surface energy balance, Eq. (10), 

n q - if) = h27rr, (T s l - ) (2) 

5 3 

For the conditions prescribed in the schematic with q = 1x10 W / m , Eqs. (1) and (2), with r = ri 

and T(r) = T s j, are solved simultaneously to find T s2 = 69.3°C. Eq. (1), with T s2 now a known 
parameter, can be used to determine the temperature distribution, T(r). The results for different 
values of the generation rate are shown in the graph. 

Effect of generation rate on temperature distributions 



Radial location, r (mm) 


-qdot = 1e5 W/m A 3 

—qdot = 5e5 W/m A 3 
—qdot = 1e6 W/m A 3 

COMMENTS: (1) The temperature distributions are parabolic with a zero gradient at the insulated 
outer boundary, r = m. The effect of increasing q is to increase the maximum temperature in the 
tube, which always occurs at the outer boundary. 

(2) The equations used to generate the graphical result in the IHT Workspace are shown below. 

II The temperature distribution, from Eq. 7, Example 3.7 
T_r = Ts2 + qdot/(4*k) * (r2 A 2 - r A 2) - qgot / (2*k) * r2 A 2*ln (r2/r) 

II The temperature at the inner surface, from Eq. 7 

Tsl = Ts2 + qdot / (4*k) * (r2 A 2 - ri A 2) - qdot / (2*k) * r2 A 2 * In (r2/r1) 

// The energy balance on the surface, from Eq. 10 
pi * qdot * (r2 A 2 - ri A 2) = h * 2 * pi * ri * (Tsl - Tinf) 




PROBLEM 3.86 


KNOWN: Diameter, resistivity, thermal conductivity, emissivity, voltage, and maximum temperature 
of heater wire. Convection coefficient and air exit temperature. Temperature of surroundings. 

FIND: Maximum operating current, heater length and power rating. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Uniform wire temperature, (3) Constant properties, (4) 
Radiation exchange with large surroundings. 


ANALYSIS: Assuming a uniform wire temperature, T max = T(r = 0) = T 0 ~ T s , the maximum 
volumetric heat generation may be obtained from Eq. (3.55), but with the total heat transfer 
coefficient, h t = h + h r , used in lieu of the convection coefficient h. With 

h r =£<t(T s +T sur )^T s 2 +T S u r j = 0.20x5.67 x 10~ 8 W/m 2 • K 4 (l473 + 323) K (l473 2 +323^ K 2 =46.3W/m 2 K 


h t =(250 + 46.3)W/m 2 K = 296.3W/m 2 K 


2 h 


2 296.3 W / m z ■ K 


9 max ~ (T s Too) : 


r G 0.0005m 


(1150°C) = 1.36xl0 9 W/m 3 


Hence, with q = 


I 2 R e _I 2 (p e L/A c )_I 2 p e _ I 2 p e 


V 


LA r 


At 


I 


max 


/. xl /2 ^9 / 

9 max 

71U 

v Pe > 

4 

V 


1.36xl0 9 W/m 3 

10~ 6 CUm 


^D 2 /4) 

\l /2 


K (0.001m) z 


= 29.0 A 


Also, with AE = I R e = I (p e L/A c ), 


AEA r 
L = 


110V 


^(O.OOlm)^ / 4 


= 2.98m 


WxPe 29.0A(l0 _6 ^m) 
and the power rating is 

P elec =AE-I max =110V (29A) = 3190W = 3.19kW 


< 


< 


< 


COMMENTS: To assess the validity of assuming a uniform wire temperature, Eq. (3.53) may be 
used to compute the centerline temperature corresponding to q max and a surface temperature of 


. 2 

1200°C. It follows that T 0 = + T s 

4k 


1.36xl0 9 W/m 3 (0.0005m)“ 
4(25W/m-K) 


+ 1200°C = 1203°C. With only a 





3°C temperature difference between the centerline and surface of the wire, the assumption is 
excellent. 



PROBLEM 3.87 


KNOWN: Energy generation in an aluminum-clad, thorium fuel rod under specified operating 
conditions. 

FIND: (a) Whether prescribed operating conditions are acceptable, (b) Effect of q and h on acceptable 
operating conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction in r-direction, (2) Steady-state conditions, (3) 
Constant properties, (4) Negligible temperature gradients in aluminum and contact resistance between 
aluminum and thorium. 


PROPERTIES: Table A-l, Aluminum, pure: M.P. = 933 K; Table A-l, Thorium: M.P. = 2023 K, k ~ 
60 W/m-K. 

ANALYSIS: (a) System failure would occur if the melting point of either the thorium or the aluminum 
were exceeded. From Eq. 3.53, the maximum thorium temperature, which exists at r = 0, is 

. 2 

T(0) = “77” + T s = T Th max 

A 7 


where, from the energy balance equation, Eq. 3.55, the surface temperature, which is also the aluminum 
temperature, is 


Hence, 


T ry. . 4^0 -p 

S = loo + — = 1A1 

2 h 


o 7x10 W/ m x0.0125m 

Tai = T s = 95 C +--7-= 720 C = 993K 

14,000w/m 2 -K 

7xl0 8 w/m 3 (0.0125m) 2 

Trh.max =- T v - + 993 K = 1449 K 

4x60 W/m- K 


< 


Although T Th , ma x < M.P. rh and the thorium would not melt, T a i > M.P. A i and the cladding would melt 
under the proposed operating conditions. The problem could be eliminated by decreasing q, increasing 
h or using a cladding material with a higher melting point. 

(b) Using the one-dimensional, steady-state conduction model (solid cylinder) of the IHT software, the 
following radial temperature distributions were obtained for parametric variations in q and h. 


Continued... 



PROBLEM 3.87 (Cont.) 



Radius, r(m) 


o h = 10000 W/m A 2.K, qdot = 7E8 W/m A 3 

-h = 10000 W/m A 2.K, qdot = 8E8 W/m A 3 

~*-i h = 10000 W/m A 2.K, qdot = 9E9 W/m A 3 



Radius, r(m) 


qdot = 2E8, h = 2000 W/m A 2.K 
qdot = 2E8, h = 3000 W/m A 2.K 
qdot = 2E8, h = 5000 W/m A 2.K 
qdot = 2E8, h = 10000 W/m A 2.K 


2 

For h = 10,000 W/m -K, which represents a reasonable upper limit with water cooling, the temperature of 
the aluminum would be well below its melting point for q = 7x 10 8 W/m 3 , but would be close to the 
melting point for q = 8 x 10 8 W/m 3 and would exceed it for q = 9 x 10 8 W/m 3 . Hence, under the best of 
conditions, q ~ 7 x 10 8 W/m 3 corresponds to the maximum allowable energy generation. However, if 
coolant flow conditions are constrained to provide values of h < 10,000 W/nr-K, volumetric heating 
would have to be reduced. Even for q as low as 2 x 10 s W/m 3 , operation could not be sustained for h = 
2000 W/m 2 K. 


The effects of q and h on the centerline and surface temperatures are shown below. 



Hiw h = 2000 W/m A 2.K 

- h = 5000 W/m A 2.K 

h = 10000 W/m A 2.K 


2000 
1600 
1200 
800 
400 
0 

1E8 2.8E8 4.6E8 6.4E8 8.2E8 

Energy generation, qdot (W/m A 3) 



h = 2000 W/m A 2.K 
h = 5000 W/m A 2.K 
h = 10000 W/m A 2.K 


1E9 



2 • 8 

For h = 2000 and 5000 W/m K, the melting point of thorium would be approached for q ~ 4.4 x 10 and 

8.5 x 10 8 W/m 3 , respectively. For h = 2000, 5000 and 10,000 W/m 2 K, the melting point of aluminum 
would be approached for q ~ 1.6 x 10 8 , 4.3 x 10 s and 8.7 x 10 s W/m 3 . Hence, the envelope of 
acceptable operating conditions must call for a reduction in q with decreasing h, from a maximum of q 
~7xl 0 8 W/m 3 for h = 10,000 W/m 2 K. 

COMMENTS: Note the problem which would arise in the event of a loss of coolant, for which case h 
would decrease drastically. 







PROBLEM 3.88 


KNOWN: Radii and thermal conductivities of reactor fuel element and cladding. Fuel heat generation 
rate. Temperature and convection coefficient of coolant. 

FIND: (a) Expressions for temperature distributions in fuel and cladding, (b) Maximum fuel element 
temperature for prescribed conditions, (c) Effect of h on temperature distribution. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Negligible contact 
resistance, (4) Constant properties. 

ANALYSIS: (a) From Eqs. 3.49 and 3.23, the heat equations for the fuel (f) and cladding (c) are 

1=0 ( r l < r < r 2 ) 


1 d 

( dT f ^ 

q 


1 d 

( dT c 

— 



(0 < r < q ) 

— 

r c 

r dr 

l dr J 

k f 


r dr 

l dr ) 


Hence, integrating both equations twice, 
dT f 


dr 


dT c C 


dr k c r 


qr , C 1 

2kf kfr 
3 


qr Ci 

Tf =~j— + - 1 lnr + C 2 
4kf kf 


T„ = -^-lnr + C/j 


The corresponding boundary conditions are: 
dTf / dr) r. = 0 


-k< 


r=0 
dT f ' 

dr Jr=q 


Tf(ri) = T c ( ri ) 


= -k r 


dTc 
dr Jr=q 


- k. 


dTc 
dr Jr=r 2 


= h[T c (r 2 )-T CXJ ] 


( 1 , 2 ) 

(3,4) 

(5,6) 

(7,8) 


Note that Eqs. (7) and (8) are obtained from surface energy balances at ri and r 2 , respectively. Applying 
Eq. (5) to Eq. (1), it follows that Ci = 0. Hence, 


Tf =-^~ + C 2 

4kf 

From Eq. (6), it follows that 

qq 2 . r _ c 3 lnr i . r 

+c 2 ;- + c 4 

4kf k^ 


(9) 


( 10 ) 


Continued... 



PROBLEM 3.88 (Cont.) 


Also, from Eq. (7), 
qq = _C3_ 
2 r l 


c 3 =-55- 

2 


CA Ca 

Finally, from Eq. ( 8 ),-— = h —In r 2 + C 4 - or, substituting for C 3 and solving for C 4 

r 2 L k c 

^ + q^m 

2 r 2 h 2 k c 

Substituting Eqs. (11) and (12) into (10), it follows that 

tf 

4k f 2k c 2r 2 h 2k c 

c 2 = qi + qim^ + i Too 

4kf 2k c q 2r 2 h 
Substituting Eq. (13) into (9), 


■(7-r 2 ) 


+ aLi n a + ii_ + T 


Substituting Eqs. (11) and (12) into (4), 

T c =^ln^ + ^ + Too . 

2 k c r 2 r 2 h 

(b) Applying Eq. (14) at r = 0, the maximum fuel temperature for h = 2000 W/m 2 K is 

, , 2xl0 8 W/ m 3 x(0.006m)“ 2xl0 8 w/m 3 x(0.006m) 2 0.009m 

Tf ( 0 ) —- 1 --In- 

4x2 W/m- K 2x25 W/m- K 0.006m 

2 xl0 8 w/m 3 (0.006m) 2 
+----- ’ + 300 K 

2x(0.09m)2000 W/m"-K 

T f (0) = (900 + 58.4 + 200 + 300) K = 1458 K . 

(c) Temperature distributions for the prescribed values of h are as follows: 


(14)< 


(15)< 



0.001 0.002 0.004 0.005 0.006 

Radius in fuel element, r(m) 

h = 2000 W/m A 2.K 
h = 5000 W/m A 2.K 
h = 10000 W/m A 2.K 


300 -|— 
0.006 











— 

——©- 










— 

__ 




-A 

- 

— A — 








~ —t 


0.007 0.008 

Radius in cladding, r(m) 


h = 2000 W/m A 2.K 
h = 5000 W/m A 2.K 
h = 10000 W/m A 2.K 


Continued... 





PROBLEM 3.88 (Cont.) 


Clearly, the ability to control the maximum fuel temperature by increasing h is limited, and even for h —> 
°°, Tf(0) exceeds 1000 K. The overall temperature drop, T t {0) - T„, is influenced principally by the low 
thermal conductivity of the fuel material. 


COMMENTS: For the prescribed conditions, Eq. (14) yields, Tf(0) - Tf(ri) = qrf /4kf = (2xlO x 

W/m 3 )(0.006 m) 3 /8 W/m-K = 900 K, in which case, with no cladding and h —> Tf(0) = 1200 K. To 

reduce Tf(0) below 1000 K for the prescribed material, it is necessary to reduce q. 



PROBLEM 3.89 


KNOWN: Dimensions and properties of tubular heater and external insulation. Internal and external 
convection conditions. Maximum allowable tube temperature. 

FIND: (a) Maximum allowable heater current for adiabatic outer surface, (3) Effect of internal 
convection coefficient on heater temperature distribution, (c) Extent of heat loss at outer surface. 


SCHEMATIC: 


Stainless steel 
k= 15 W/m-K 
p e = 0.7 x 10'® Q -m 
Tmax ~ 1 K 



100 4 /h 41000 W/m 2 



Refractory 
kj = 1.0 W/m-K 
8 = 25, 50 mm 


r 3 -r 2 + 5, T s 3 
r 2 = 35 mm, T s 2 
r -1 = 25 mm, T s -| 


<M? 

T o = 300 K 

OO 5 

h 2 = 25 W/m 2 -K 


ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Constant properties, (3) Uniform 
heat generation, (4) Negligible radiation at outer surface, (5) Negligible contact resistance. 

ANALYSIS: (a) From Eqs. 7 and 10, respectively, of Example 3.7, we know that 


and 


~ ~ 9 2 , r 2 4 ( 2 2 \ 

T s, 2 - T s,l = — r 2 ln -— r 2 - r l 

2k rj 4k' ’ 

( r 2 - r l 2 ) 


T s,l - Too.l + 

2 h l r l 

Hence, eliminating T sa , we obtain 


T s,2 _T oo,i 


• 2 

q '2 

2 k 


r? 1 
In — — 


(i - rr/.-I)+^- (i - ri 2 Al) 


Substituting the prescribed conditions (h, = 100 W/m -K), 
T s,2 - Vi = 1.237X10 -4 (m 3 • k/wWw/ m 3 ) 


(1) 


( 2 ) 


Hence, with T max corresponding to T s?2 , the maximum allowable value of q is 

1400-400 6 / 3 

q max =-r = 8.084x10° W/rn 


-4 


with 


q = 


1.237x10 


l 2 Re l 2 p e L/A c 


Pe 1 


V 


LA,. 


= ^ ( r 2 - r l 2 ) 


7 • A 1/2 

V^e J 


) r l- r 0 

= 7r|o. 


f 


035 2 -0.025 2 |m 2 


8.084x10 W/ m 
0.7xl0“ 6 £2-m 


\l /2 


= 6406 A < 


Continued 




PROBLEM 3.89 (Cont.) 

(b) Using the one-dimensional, steady-state conduction model of IHT (hollow cylinder; convection at 
inner surface and adiabatic outer surface), the following temperature distributions were obtained. 



Radius, r(m) 

—e— h = 100 W/m A 2.K 

- h = 500 W/m A 2.K 

—a— h = 1000 W/m A 2.K 

The results are consistent with key implications of Eqs. (1) and (2), namely that the value of hi has no 
effect on the temperature drop across the tube (T s 2 - T sJ = 30 K, irrespective of hi), while T sJ decreases 
with increasing hi. For hi = 100, 500 and 1000 W/m 2 K, respectively, the ratio of the temperature drop 
between the inner surface and the air to the temperature drop across the tube, (T s ,i - T t „ i)/(T s 2 - T sJ ), 
decreases from 970/30 = 32.3 to 194/30 = 6.5 and 97/30 = 3.2. Because the outer surface is insulated, the 
heat rate to the airflow is fixed by the value of q and, irrespective of hi, 

q^q) = 71^2 -q 2 jq = -15,240W ^ 

(c) Heat loss from the outer surface of the tube to the surroundings depends on the total thermal 
resistance 

„ _ ln ( r 3/ r 2) , 1 

K tot — + 

2 ^Lkj 27rr 3 Lh 2 

or, for a unit area on surface 2, 

t~> * _r 2 ln(r 3 /r 2 ) r 2 

^tot,2 — (2^ r 2L)Rtot — + 

k i r 3 h 2 

Again using the capabilities of IHT (hollow cylinder; convection at inner surface and heat transfer from 
outer surface through Rj ot 2 ), the following temperature distributions were determined for the tube and 
insulation. 



Radius, r(m) 



delta =0.025 m 
delta = 0.050 m 


- r3 = 0.060 m 

—ie r3 = 0.085 m 


Continued... 





PROBLEM 3.89 (Cont.) 


Heat losses through the insulation, q(r 2 ) , are 4250 and 3890 W/m for 8 = 25 and 50 mm, respectively, 
with corresponding values of q (rj) equal to -10,990 and -11,350 W/m. Comparing the tube temperature 

distributions with those predicted for an adiabatic outer surface, it is evident that the losses reduce tube 
wall temperatures predicted for the adiabatic surface and also shift the maximum temperature from r = 
0.035 m to r ~ 0.033 m. Although the tube outer and insulation inner surface temperatures, T s>2 = T(r 2 ), 
increase with increasing insulation thickness, Fig. (c), the insulation outer surface temperature decreases. 

COMMENTS: If the intent is to maximize heat transfer to the airflow, heat losses to the ambient should 
be reduced by selecting an insulation material with a significantly smaller thermal conductivity. 



PROBLEM 3.90 


KNOWN: Electric current I is passed through a pipe of resistance Rg to melt ice under 
steady-state conditions. 

FIND: (a) Temperature distribution in the pipe wall, (b) Time to completely melt the ice. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) 
Constant properties, (4) Uniform heat generation in the pipe wall, (5) Outer surface of the pipe 

is adiabatic, (6) Inner surface is at a constant temperature, T m . 

PROPERTIES: Table A-3, Ice (273K): p = 920 kg/m^; Handbook Chem. & Physics, Ice: 
Latent heat of fusion, h s f = 3.34x10^ J/kg. 

ANALYSIS: (a) The appropriate form of the heat equation is Eq. 3.49, and the general 
solution, Eq. 3.51 is 

T(r ) = “5k r2+Cllnr+C2 

where 



Applying the boundary condition (dT/dr)^ = 0, it follows that 
2k r 2 


Hence 


Cl 


qrj 

2k 


• 2 


and 


T (r) = --9-r 2 + ^_ lnr+C 2 • 
w 4k 2k z 


Continued 




PROBLEM 3.90 (Cont.) 

Applying the second boundary condition, T(q) = T m , it follows that 

T m = r. 2 + ^-lnr, +C 2 . 

m 4k 1 2k 1 2 


Solving for C 2 and substituting into the expression for T(r), find 


T(r) = T m + 


qr| 


In—-— 


2k q 4k 


(< 2 -n 


(b) Conservation of energy dictates that the energy required to completely melt the ice, E m , 
must equal the energy which reaches the inner surface of the pipe by conduction through the 
wall during the melt period. Hence from Eq. 1.11b 


AE s t — Ej n E out + Eg en 
AE s t = E m = t m ■ q C ond,q 
or, for a unit length of pipe, 


'[n r 2 )h s f 


l m 


-k{2n q) 


dT 

~dr 


p{* ri 2 )h sf =-2^ rik .,„ |2kii ^ 
p(k r i )h S f =_ t m < i ^( r 2 _r i )■ 


nr 2 ' 

qr 2 qq 


Dropping the minus sign, which simply results from the fact that conduction is in the negative 
r direction, it follows that 

Phsf r i _ ph s f;r r^ 

m ~ ■( 2 2\~ t 2 R ' 
q( r 2 “ r l j 1 R e 

With r\ = 0.05m, I = 100 A and Rg = 0.30 £2/m, it follows that 

_ 920kg/m 3 x3.34xl0 5 J/kgx;rx(0.05m) 2 
tm — y 

(!00A) z x0.30f2/m 


or t m = 804s. < 

COMMENTS: The foregoing expression for t m could also be obtained by recognizing that 
all of the energy which is generated by electrical heating in the pipe wall must be transferred 
to the ice. Hence, 

I R e t m = ph s fK r ] • 



PROBLEM 3.91 

KNOWN: Materials, dimensions, properties and operating conditions of a gas-cooled nuclear reactor. 


FIND: (a) Inner and outer surface temperatures of fuel element, (b) Temperature distributions for 
different heat generation rates and maximum allowable generation rate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, 
(4) Negligible contact resistance, (5) Negligible radiation. 

PROPERTIES: Table A.l, Thoriun: T mp » 2000 K; Table A.2, Graphite: T mp » 2300 K. 

ANALYSIS: (a) The outer surface temperature of the fuel, T 2 , may be determined from the rate 
equation 


where 


q / = 


T 2 -T c 

^tot 


ln(r 3 /r 2 ) | 1 

2;rk n 2;rr 3 h 


In (l4/ll) 


2k (3 W/m • K) 2;r (0.014m)^2000 w/m 2 K 


0.0185 m-K/W 


and the heat rate per unit length may be determined by applying an energy balance to a control surface 
about the fuel element. Since the interior surface of the element is essentially adiabatic, it follows that 

q = q;r (rf -r 2 ) = 10 8 w/m 3 xn (o.Ol l 2 -0.008 2 ) m 2 = 17,907 W/m 

Hence, 


t 2 =q ,R tot + T 00 = 17,907 W/m(0.0185m - K/W) + 600K = 931K 
With zero heat flux at the inner surface of the fuel element, Eq. C. 14 yields 


Ti=T 2 + 


. 2 
qr 2 


4k, 


( 2 / 

■ 2 

( \ 

l-3_ 

qri In 


2 

l f 2 J 

2 k t 

v f l > 


Tj = 931K + 


10 8 w/m 3 (0.011m) 2 


4x57 W/m-K 


1 - 


0.008 

0.011 




10 8 w/m 3 (0.008 m) 2 j ( 0.011 / 


2x57 W/m-K 


v 0.008 j 


Continued... 


PROBLEM 3.91 (Cont.) 


Tj = 931K + 25 K-18 K = 938K < 

(b) The temperature distributions may be obtained by using the IHT model for one-dimensional, steady- 
state conduction in a hollow tube. For the fuel element (q >0), an adiabatic surface condition is 
prescribed at ri, while heat transfer from the outer surface at r 2 to the coolant is governed by the thermal 
resistance R^ ot 2 = 2^r2R tot = 27t(0.011 m)0.0185 m-K/W = 0.00128 rrf-K/W. For the graphite (q = 

0 ), the value of T 2 obtained from the foregoing solution is prescribed as an inner boundary condition at r 2 , 

8 8 3 

while a convection condition is prescribed at the outer surface (r 3 ). For 1 x 10 < q < 5 x 10‘ W/m , the 
following distributions are obtained. 




Radial location in fuel, r(m) Radial location in graphite, r(m) 


qdot = 5E8 
qdot = 3E8 
qdot = 1E8 


—qdot = 5E8 
—A— qdot = 3E8 
—H— qdot = 1 E8 


The comparatively large value of k t yields small temperature variations across the fuel element, 
while the small value of k g results in large temperature variations across the graphite. Operation 
at q = 5 x 10‘ W/m is clearly unacceptable, since the melting points of thorium and graphite are 
exceeded and approached, respectively. To prevent softening of the materials, which would occur below 

8 3 

their melting points, the reactor should not be operated much above q = 3 x 10 W/m". 

COMMENTS: A contact resistance at the thorium/graphite interface would increase temperatures in the 
fuel element, thereby reducing the maximum allowable value of q. 





PROBLEM 3.92 

KNOWN: Long rod experiencing uniform volumetric generation encapsulated by a circular 
sleeve exposed to convection. 

FIND: (a) Temperature at the interface between rod and sleeve and on the outer surface, (b) 
Temperature at center of rod. 

SCHEMATIC: 



'oo 


h-Z5^Njm z ’t\ 


ASSUMPTIONS: (1) One-dimensional radial conduction in rod and sleeve, (2) Steady-state 
conditions, (3) Uniform volumetric generation in rod, (4) Negligible contact resistance 
between rod and sleeve. 


ANALYSIS: (a) Construct a thermal circuit for the sleeve, 


72 


72 


*CO 


2' 






where 


q=Eg en =qx D 2 /4 = 24,000 W/m 3 x;rx(0.20 m)^/4 = 754.0 W/m 
, In (r 2 / r, ) In (400/200) 


R 


Rr 


2 k k c 


1 


2fx4W/m-K 

1 


2.758x10 2 m- K/W 


wonv “ , “ 9 

hff D 2 25 W/m 2 -Kx^x0.400 m 

The rate equation can be written as 

/_ T| -Tqq T2 -Tqq 


= 3.183x10 z m- K/W 


R s + R conv R conv 


T, = T^ +q / (Rs +Rc 0nv ) = 27°C+754 W/m^2.758xlO' 2 +3.183x10 2 jK/W -m=71.8°C < 


T 2 =T oq +q Rconv = 27 C+754 W/mx3.183xl0" z m- K/W=51.0 C. 
(b) The temperature at the center of the rod is 


t(0)=t o = 3Jl+t,= 


2 24,000 W/m 3 (0.100 m) 2 


4k r 


4x0.5 W/m -K 


+ 71.8 C=192 C. 


COMMENTS: The thermal resistances due to conduction in the sleeve and convection are 
comparable. Will increasing the sleeve outer diameter cause the surface temperature T 2 to 
increase or decrease? 



PROBLEM 3.93 


KNOWN: Radius, thermal conductivity, heat generation and convection conditions 
associated with a solid sphere. 

FIND: Temperature distribution. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) 
Constant properties, (4) Uniform heat generation. 

ANALYSIS: Integrating the appropriate form of the heat diffusion equation, 


1 


d 

k-1 

+ q=0 

or 

d 

"j.2 dT 

dr 

dr 


dr 

dr 


qr 2 


r 2 dT = _q^ dT = _qr + C, 

dr 3k 1 dr 3k r 2 


T ( r ) = - '77 _ -~ + C 2- 
6k r 

The boundary conditions are: 


- 0 


hence Q = 0, and 


r=0 


-k® 

dr 


= h[ T (r 0 )-T M ], 

Substituting into the second boundary condition (r = r G ), find 


^k = h 
3 


grp 

6k 


+ C 2 -T 0 


c 2 = fc> + s£ +T „. 

2 3h 6k 


The temperature distribution has the form 

COMMENTS: To verify the above result, obtain T(r 0 ) = T s , 

T + t 

— 01 " r 'oo 

3h 

Applying energy balance to the control volume about the sphere 

..2 /T \ £2_1 T- QIC 


4 3 

-K r G 
3 ° 


h4^r Tq (T s - ^) find T s =^ + T 0 

3h 



PROBLEM 3.94 


KNOWN: Radial distribution of heat dissipation of a spherical container of radioactive 
wastes. Surface convection conditions. 

FIND: Radial temperature distribution. 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant 
properties, (4) Negligible temperature drop across container wall. 

ANALYSIS: The appropriate form of the heat equation is 


1 

~2 


d 

dr 



__q 

l- 

( \ 

r 

1~ 

v dr y 

k k 


v r ° y 



Hence 


r2 dT 

dr 


T = _% 




k 

v 

4 3 


( 3 
r 


„5 3 


5r,f 


+ Ci 


20r^ 


-a + c 2 . 

r 


From the boundary conditions, 

dT/dr l r= o = 0 and - kdT/dr l r=1 - o = h [T (r G )-T 00 ] 


it follows that Ci = 0 and 


4o 


v3 5 y 


= h 


.So 

k 


2 2 ^ 
kL_hL 

6 20 


+ C 2 - Tq, 


c 2 = M> + M+t m . 


15h 


60k 


Hence 


T(r) = T M+ Mo + 4i 
w 15h k 


60 6 


( .. \ 


v r ° y 


+ - 


20 


( .. A 4 


v r ° y 


COMMENTS: Applying the above result at r Q yields 
T s =T(r 0 ) = T 00 +(2r 0 q 0 /15h). 


The same result may be obtained by applying an energy balance to a control surface about the 
container, where Eg = q conv . The maximum temperature exists at r = 0. 



PROBLEM 3.95 


KNOWN: Dimensions and thermal conductivity of a spherical container. Thermal conductivity and 
volumetric energy generation within the container. Outer convection conditions. 

FIND: (a) Outer surface temperature, (b) Container inner surface temperature, (c) Temperature 
distribution within and center temperature of the wastes, (d) Feasibility of operating at twice the energy 
generation rate. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) One-dimensional radial 
conduction. 


ANALYSIS: (a) For a control volume which includes the container, conservation of energy yields 
Eg - E out = 0, or qV - q conv = 0 . Hence 

q(4/3)(^ 3 ) = h4^r 0 2 (T S 0 -T oo ) 


and with q = 10 W/m , 

- r T 10 5 w/m 2 (0.5m ) 3 

T Si0 Eqo + _ 25 C + / o o 36.6 C. 

3hr^ 3000 W/in K (0.6 m) 

(b) Performing a surface energy balance at the outer surface, Ej n -E out = 0 or q conc j — q conv = 0. 
Hence 


47rk ss (T s q T S)0 ) 2 


(V r i ) - ('/ro ) 


— h4/rr 0 (T s 0 ) 


T • = T +- 
A s,i A s,o 


( r ^ 
^-1 

V r i ) 


r o ( T s,o “Too) = 36.6°C + 


1000 W/ m K 
15 W/m-K 


(0.2)0.6m(ll.6°cj = 129.4°C .< 


(c) The heat equation in spherical coordinates is 


Solving, 


d 

f 2 dT ' 

^rw ~ 
dr 

r — 

l dr ) 

2 dT 

qr 3 


dr 3k 


+ qr = 0 . 


+ C, 


and 


rw 


T (r) = ——-—+ C 2 

6 k r 


v rw 


Applying the boundary conditions, 
dT I 


dr 


= 0 and 


lr=0 


Ci = 0 


and 


T(r 1 ) = T s , i 


C 2 = T s,i+q i i 2 / 6k rw ■ 


Continued... 



Hence 


PROBLEM 3.95 (Cont.) 


T(.) = T SJ+5 3-(r, 2 -r 2 ) 

UK rw 


At r = 0, 


, v qr ; 2 o 10 5 w/m 3 (0.5m) 2 

T(0) = T si +- y — = 129.4 C +-----— = 337.7 C 


6 k r 


6(20 W/mK) 


< 

< 


(d) The feasibility assessment may be performed by using the IHT model for one-dimensional, steady- 
state conduction in a solid sphere, with the surface boundary condition prescribed in terms of the total 
thermal resistance 


R tot,i = (W) 


R tot R cnd,i + R cnv,i 


q [(V r i) - (V r o)] | i 


v ss 


h 


( A 2 


V r o J 


where, for r Q = 0.6 m and h = 1000 W/m 2 K, R' nd j = 5.56 x 10 3 m 2 K/W, R" nvJ = 6.94 x 10~ 4 m 2 K/W, 
and R( ()t j = 6.25 x 10 ’ m 2 K/W. Results for the center temperature are shown below. 



Convection coefficient, h(W/m A 2.K) 

-©— ro = 0.54 m 
-a— ro = 0.60 m 


Clearly, even with r Q = 0.54 m = r 0imi n and h = 10,000 W/m 2 K (a practical upper limit), T(0) > 475°C and 
the desired condition can not be met. The corresponding resistances are R^nd i = 2-47 x 10 3 m 2 K/W, 

R cnv,i = 8 - 57 x 10 5 m 2 K/W, and R{ ot i = 2 .56 x 10 3 m-K/W. The conduction resistance remains 
dominant, and the effect of reducing R^. |)V j by increasing h is small. The proposed extension is not 
feasible. 

COMMENTS: A value of q = 1.79 X 10 5 W/m 3 would allow for operation at T(0) = 475°C with r D = 
0.54 m and h = 10,000 W/m 2 K. 




PROBLEM 3.96 


KNOWN: Carton of apples, modeled as 80-mm diameter spheres, ventilated with air at 5°C and 
experiencing internal volumetric heat generation at a rate of 4000 J/kgday. 

FIND: (a) The apple center and surface temperatures when the convection coefficient is 7.5 W/m K, 
and (b) Compute and plot the apple temperatures as a function of air velocity, V, for the range 0.1 < V < 
1 m/s, when the convection coefficient has the form h = CiV 0 ' 425 , where Ci = 10.1 W/m 2 K (m/s) 0 425 . 


SCHEMATIC: 


1 


IT 


□ 



rrinn. 


Apple, D = 80 mm 
q = 4000 J/kg*day 
p = 840 kg/m 3 , k = 0.5 W/m-K 



£o=5°C V = 0.5 m/s 

h = 7.5 W/m 2 -K q cv 

ASSUMPTIONS: (1) Apples can be modeled as spheres, (2) Each apple experiences flow of 
ventilation air at = 5°C, (3) One-dimensional radial conduction, (4) Constant properties and (5) 
Uniform heat generation. 

ANALYSIS: (a) From Eq. C.24, the temperature distribution in a solid sphere (apple) with uniform 
generation is 

2 ( 2 ^ 


T(r) = ( ^ L 
6 k 


l-'y +T S (1) 

v r ° 

To determine T s , perform an energy balance on the apple as shown in the sketch above, with volume V = 
4/3ttr 0 3 , 


^in ^"out + 0 


-q cv +q v = 0 
h(4^r o 2 )(T s -T oo ) + q(4/3^r o 3 ) = 0 


( 2 ) 


-7.5 W/m- 




4^x0.040 2 m 2 )(T s -5°c) + 38.9w/m 3 (4/3 


K x 0.040 3 m 3 j = 


0 


where the volumetric generation rate is 
q=4000j/kg-day 

q = 4000 J/kg • day x 840 kg/m 3 x (1 day / 24 hr) x (1 hr/3600 s) 


q = 38.9 W/ m J 
and solving for T s , find 


T s =5.14 C 


From Eq. (1), at r = 0, with T s , find 
T(0) = 


38.9 W/m 3 x0.040 2 m 2 


6x0.5 W/m- K 


- + 5.14 C = 0.12 C+ 5.14 C = 5.26 C 


< 

< 


Continued... 




PROBLEM 3.96 (Cont.) 

(b) With the convection coefficient depending upon velocity, 

h = qv 0 - 425 

with Ci = 10.1 W/m 2 K (m/s) 0425 , and using the energy balance of Eq. (2), calculate and plot T s as a 
function of ventilation air velocity V. With very low velocities, the center temperature is nearly 0.5°C 
higher than the air. From our earlier calculation we know that T(0) - T s = 0.12°C and is independent of 
V. 



COMMENTS: (1) While the temperature within the apple is nearly isothermal, the center temperature 
will track the ventilation air temperature which will increase as it passes through stacks of cartons. 

(2) The IHT Workspace used to determine T s for the base condition and generate the above plot is shown 
below. 


// The temperature distribution, Eq (1), 

T_r = qdot * ro A 2 / (4 * k) * ( 1 - r A 2/ro A 2 ) + Ts 

// Energy balance on the apple, Eq (2) 

- qcv + qdot * Vol = 0 
Vol = 4 / 3 * pi * ro A 3 


// Convection rate equation: 

qcv = h* As * ( Ts - Tint) 

As = 4 * pi * ro A 2 

// Generation rate: 

qdot = qdotm * (1/24) * (1/3600) * rho // Generation rate, W/m A 3; Conversions: days/h and h/sec 


// Assigned variables: 

ro = 0.080 
k = 0.5 

qdotm = 4000 
rho = 840 
r = 0 
h = 7.5 

//h = Cl * V A 0.425 
//Cl = 10.1 
//V = 0.5 
Tint = 5 


// Radius of apple, m 
//Thermal conductivity, W/m.K 
// Generation rate, J/kg.K 
// Specific heat, J/kg.K 
// Center, m; location for T(0) 

// Convection coefficient, W/m A 2.K; base case, V = 0.5 m/s 
// Correlation 

//Air velocity, m/s; range 0.1 to 1 m/s 
// Air temperature, C 



PROBLEM 3.97 


KNOWN: Plane wall, long cylinder and sphere, each with characteristic length a, thermal 
conductivity k and uniform volumetric energy generation rate q. 

2 

FIND: (a) On the same graph, plot the dimensionless temperature, [ T (x or r)-T(a)]/[qa /2k], vv 

the dimensionless characteristic length, x/a or r/a, for each shape; (b) Which shape has the smallest 
temperature difference between the center and the surface? Explain this behavior by comparing the 
ratio of the volume-to-surface area; and (c) Which shape would be preferred for use as a nuclear fuel 
element? Explain why? 

SCHEMATIC: 

Plane wall Long cylinder Sphere 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant 
properties and (4) Uniform volumetric generation. 


ANALYSIS: (a) For each of the shapes, with T(a) = T s , the dimensionless temperature distributions 
can be written by inspection from results in Appendix C.3. 

T(x)-T s 


Plane wall, Eq. C.22 

Long cylinder, Eq. C.23 

Sphere, Eq. C.24 


qa 2 /2k 


= 1 - 




v a ? 


T(r)~T s _l 
qa 2 /2k 2 

T(r)~T s _l 
qa 2 /2k 3 


1 - 


1 - 


f r A 2 


V a 7 


^r 3 2 


V a 7 


The dimensionless temperature distributions using the foregoing expressions are shown in the graph 
below. 


Dimensionless temperature distribution 



- Plane wall, 2a 

—Long cylinder, a 
—Sphere, a 


Continued 






PROBLEM 3.97 (Cont.) 


(b) The sphere shape has the smallest temperature difference between the center and surface, T(0) - 
T(a). The ratio of volume-to-surface-area, V/A s , for each of the shapes is 


Plane wall 


Long cylinder 


Sphere 


V a(lxl) 

V _ ?ra 2 xl _ a 
A s 2?raxl 2 

V _ And? / 3 _ a 

A s 4?ra 2 3 


The smaller the V/A s ratio, the smaller the temperature difference, T(0) - T(a). 

(c) The sphere would be the preferred element shape since, for a given V/A s ratio, which controls the 
generation and transfer rates, the sphere will operate at the lowest temperature. 



PROBLEM 3.98 


KNOWN: Radius, thickness, and incident flux for a radiation heat gauge. 

FIND: Expression relating incident flux to temperature difference between center and edge of 
gauge. 

SCHEMATIC: 





\ Ui2 

/ 

-—, i# 

\\ .— }L— ► 

T(R) 


i i i 



{Vacuum^ 

—c 


i 

i 


^Copper heat sink 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in r (negligible 
temperature drop across foil thickness), (3) Constant properties, (4) Uniform incident flux, (5) 
Negligible heat loss from foil due to radiation exchange with enclosure wall, ( 6 ) Negligible contact 
resistance between foil and heat sink. 

ANALYSIS: Applying energy conservation to a circular ring extending from r to r + dr, 

dT' d 

q r +qf ( 2 ^ rdr ) =q r +dr > q r = ~ k ( 2 ^ rt )^-’ qr+dr = q r +^- dr - 

dr dr 


Rearranging, find that 


qf (2/r rdr) 


d_ 

dr 


(-k2x 



dr 


d_ 

dr 


dT 
r — 
dr 



Integrating, 

dT _ 
1 ~dr~ 



+ Ci 


and T(r) = —-t-Cilnr+Co. 

W 4kt 1 2 


With dT/drl r=0 =0, C| =0 and with T(r = R) = T(R), 

T(R) = -^- + C 2 or C 2 =T(R) + ^- 

V ’ 4kt 2 2 v ’ 4kt 

Hence, the temperature distribution is 

T(r)= 4kl( R2_r2 ) +T(R) - 
Applying this result at r = 0, it follows that 

qi=% T (°)-T(R)] = ^§AT. 

R R 


< 


COMMENTS: This technique allows for determination of a radiation flux from 
measurement of a temperature difference. It becomes inaccurate if emission from the foil 
becomes significant. 





PROBLEM 3.98 


KNOWN: Radius, thickness, and incident flux for a radiation heat gauge. 

FIND: Expression relating incident flux to temperature difference between center and edge of 
gauge. 

SCHEMATIC: 
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^Copper heat sink 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in r (negligible 
temperature drop across foil thickness), (3) Constant properties, (4) Uniform incident flux, (5) 
Negligible heat loss from foil due to radiation exchange with enclosure wall, ( 6 ) Negligible contact 
resistance between foil and heat sink. 

ANALYSIS: Applying energy conservation to a circular ring extending from r to r + dr, 

dT' d 

q r +qf ( 2 ^ rdr ) =q r +dr > q r = ~ k ( 2 ^ rt )^-’ qr+dr = q r +^- dr - 

dr dr 


Rearranging, find that 


qf (2/r rdr) 


d_ 

dr 


(-k2x 



dr 


d_ 

dr 


dT 
r — 
dr 



Integrating, 

dT _ 
1 ~dr~ 



+ Ci 


and T(r) = —-t-Cilnr+Co. 

W 4kt 1 2 


With dT/drl r=0 =0, C| =0 and with T(r = R) = T(R), 

T(R) = -^- + C 2 or C 2 =T(R) + ^- 

V ’ 4kt 2 2 v ’ 4kt 

Hence, the temperature distribution is 

T(r)= 4kl( R2_r2 ) +T(R) - 
Applying this result at r = 0, it follows that 

qi=% T (°)-T(R)] = ^§AT. 

R R 


< 


COMMENTS: This technique allows for determination of a radiation flux from 
measurement of a temperature difference. It becomes inaccurate if emission from the foil 
becomes significant. 





PROBLEM 3.99 


KNOWN: Net radiative flux to absorber plate. 

FIND: (a) Maximum absorber plate temperature, (b) Rate of energy collected per tube. 

SCHEMATIC: 

, / ^'rad = 800 W/m z 

r==»- ir-Line of symmetry 

V d (dT,dx ‘ 0) 


Al alloy- 


t= 0.006m 

U -1 


N't \ \ \ \ N / 

T W = 60 °C 



x=Ll2.=0.1m 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional (x) conduction along 
absorber plate, (3) Uniform radiation absorption at plate surface, (4) Negligible losses by 
conduction through insulation, (5) Negligible losses by convection at absorber plate surface, 
(6) Temperature of absorber plate at x = 0 is approximately that of the water. 

PROPERTIES: Table A-1, Aluminum alloy (2024-T6): k~180W/m-K. 

ANALYSIS: The absorber plate acts as an extended surface (a conduction-radiation system), 
and a differential equation which governs its temperature distribution may be obtained by 
applying Eq.l.lla to a differential control volume. For a unit length of tube 

^x +c lrad (d^O^x+dx = 0- 

with q'x+dx =q / x +^ 2Ldx 

dx 

a vt dT 

and q x = -kt — 

dx 


it follows that, 


// 


qrad 


_d_ 

dx 



= 0 


^ q ra q _q 

dx 2 kt 

Integrating twice it follows that, the general solution for the temperature distribution has the 
form, 

T(x) = _^ad x 2 +C ] x+C 2 . 

W 2kt 12 


Continued 




PROBLEM 3.99 (Cont.) 



or q^-ldOW/m. < 

COMMENTS: Convection losses in the typical flat plate collector, which is not evacuated, 
would reduce the value of q'. 



PROBLEM 3.100 


KNOWN: Surface conditions and thickness of a solar collector absorber plate. Temperature of 
working fluid. 

FIND: (a) Differential equation which governs plate temperature distribution, (b) Form of the 
temperature distribution. 


SCHEMATIC: 

d %ed\__t^%on V 


? "rad \ A ir^zhjco 



TL t 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Adiabatic 
bottom surface, (4) Uniform radiation flux and convection coefficient at top, (5) Temperature of 
absorber plate at x = 0 corresponds to that of working fluid. 

ANALYSIS: (a) Performing an energy balance on the differential control volume, 

q x + dq ra d = q x+dx + dqconv 


q'x+dx =qx+( d qx/ dx )dx 

where dqrad = qrad ' dx 

dqconv =h(T-T 0 o)-dx 

Hence, qrad dx = (dq x /dx)dx+h(T-T 00 )dx. 

From Fourier’s law, the conduction heat rate per unit width is 


q x = -k t dT/dx 


d 2 T 


dx 


-TT;( T - T oo) + 


qrad 


2 kT v kt 


= 0 . 


(b) Defining 0 = T - T^,d _ T/dx z = d z 0 / dx z and the differential equation becomes, 
dx 2 kt kt 

It is a second-order, differential equation with constant coefficients and a source term, and its general 
solution is of the form 


0 = C 1 e +Ax +C 2 e" ;ix +S/A 2 


where 


X = (h/kt) 


1/2 


S=qmd/kt- 


Appropriate boundary conditions are: 

0(0) = T o _T oo = 0 q , d0/dx) x _ L =O. 

Hence, 0 O = Q + C 2 + S/X 2 

d0/dx) x _ L = C, Xe +PiL - C 2 Xe XL =0 C 2 = Cj e" 

Hence, Q = - S /X 2 ) / (l+ e 2AL ) C 2 =(e 0 -S/A 2 )/(l + e' 2AL ) 

-Xx 


2XL 


e 


(%-s/F) 


Xx 


- + - 


l+e 2AL l+e -2XL 


+S/1 2 . 







PROBLEM 3.101 


KNOWN: Dimensions of a plate insulated on its bottom and thermally joined to heat sinks at its 
ends. Net heat flux at top surface. 

FIND: (a) Differential equation which determines temperature distribution in plate, (b) Temperature 
distribution and heat loss to heat sinks. 


SCHEMATIC: 



^—L -H 

w 

0 


M 

: s 


•width 




-q~*\ 

^x •- 


c/x 


% + dx 


ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction in x (W,L»t), (3) Constant 
properties, (4) Uniform surface heat flux, (5) Adiabatic bottom, ( 6 ) Negligible contact resistance. 


ANALYSIS: (a) Applying conservation of energy to the differential control volume, q x + dq 
= q x +dx- where q x+c | x = q x + (dq x /dx) dx and dq=q" (W ■ dx). Hence, (dq x /dx) -q" W=0. 
From Fourier’s law, q x = -k(t ■ W) dT/dx. Hence, the differential equation for the 
temperature distribution is 


d 

dx 


1 tit- dT 
ktW — 

dx 


-qo w=o 


^ + ^ = 0. 


dx" 


kt 


(b) Integrating twice, the general solution is, 


< 


TOO 


--^x 2 +Ci x +C 2 
2kt 1 2 


and appropriate boundary conditions are T(0) 

// 

T 0 = --^-L 2 + qL+C 2 and 

2kt 

Hence, the temperature distribution is 
t(4=-^(x 2 - l x) + t 0 . 
Applying Fourier’s law at x = 0, and at x = L, 


T 0 , and T(L) = T 0 . Hence, T 0 = C 2 , and 


Cl 


%L 
2kt ' 


< 


q (0) = -k (Wt) dT/dx) x=0 = -kWt 


q (L) = -k (Wt) dT/dx) X=L = -kWt 


// - 

_% 


Ll 

X- 

kt 


2 J 

// 

_q G 


Ll 

X- 

kt 


2 J 


x=0 


x=L 


qpWL 

2 

_, qpWL 
2 


Hence the heat loss from the plates is q=2(qgWL/2) = q^WL. < 

COMMENTS: (1) Note signs associated with q(0) and q(L). (2) Note symmetry about x = 
L/2. Alternative boundary conditions are T(0) = T 0 and dT/dx) x= L/ 2 =0. 







PROBLEM 3.102 


KNOWN: Dimensions and surface conditions of a plate thermally joined at its ends to heat sinks at 
different temperatures. 

FIND: (a) Differential equation which determines temperature distribution in plate, (b) Temperature 
distribution and an expression for the heat rate from the plate to the sinks, and (c) Compute and plot 
temperature distribution and heat rates corresponding to changes in different parameters. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x (W,L » t), (3) 
Constant properties, (4) Uniform surface heat flux and convection coefficient, (5) Negligible contact 
resistance. 


ANALYSIS: (a) Applying conservation of energy to the differential control volume 
q x + dq G = q x+( j x + dq C onv 

where 

4x+dx =4x +(dq x /dx)dx dq conv =h(T-T co )(Wdx) 

Hence, 

q x + q ;(Wdx) = q x +(dq x /dx)dx + h(T-T 00 )(Wdx) —^ + hW (T - ) = q” W . 

dx 

Using Fourier’s law, q x =-k(t • W)dT/dx , 


d^T , . d 2 T h , . ql 

-ktW —+ hW(T-T oo ) = q 0 —- (T -T^ ) + — = 0. 

dx^ dx- kt kt 

(b) Introducing 6 = T - , the differential equation becomes 

dx 2 kt kt 

This differential equation is of second order with constant coefficients and a source term. With 
A“ = h/kt and S = /kt , it follows that the general solution is of the form 

9 = Qe +Ax + C 2 e“ Ax + s/A 2 . 

Appropriate boundary conditions are: 0(0) = T 0 - T^ = 0 O 9( L) = 'Ij - T CX1 = 0[ 


(1) 

(2,3) 


Substituting the boundary conditions, Eqs. (2,3) into the general solution, Eq. (1), 

9 0 =C 1 e°+C 2 e°+s/A 2 9 L =C 1 e +AL +C 2 e“ AL +s/a 2 (4,5) 

To solve for C 2 , multiply Eq. (4) by -c +XL and add the result to Eq. (5), 



Continued... 



PROBLEM 3.102 (Cont.) 

Substituting for C 2 from Eq. (6) into Eq. (4), find 

C, =e 0 -j (e L -0 o e +AL )-s/A 2 (-e +AL + l) /(-e +AL +e“ AL 


)}' 


■S/A 2 


(7) 


Using Ci and C 2 from Eqs. (6,7) and Eq. (1), the temperature distribution can be expressed as 


0(x) = 


+Ax sinh (Ax) +AL 

c-c 

sinh (Al) 


sinh (Ax) 
sinh(AL) 


d„ + 


0L + 


I, 1 AL \ slrih (Xx ) { / L j 


sinh (Al) 


4<s) 

A 2 


The heat rate from the plate is qp = -q x (0) + q x (L) and using Fourier’s law, the conduction heat rates, 
with A c = W t, are 

_AL 

-A 


q x (0) = -kA c — 


dx Jx=0 


= -kA c ( 


Ae°- 6 


sinh(AL) 


6 n + 


° sinh(AL) 


°L 


1 —e 


+AL 


sinh (AL) 


-A-A 


q x ( L ) = - kA c —^ 


dx 7 x=l 


= -kA c ( 


Ae 


AL 


AL 


sinh (AL) 


Acosh(AL) 


9 0 + 


A cosh (AL) 
sinh (AL) 


d L 


1 +AL 

-A cosh (AL) - Ae +Ak 

sinh (AL) 


(c) For the prescribed base-case conditions listed below, the temperature distribution (solid line) is shown 
in the accompanying plot. As expected, the maximum temperature does not occur at the midpoint, but 
slightly toward the x-origin. The sink heat rates are 


q x (0) =-17.22 W 


q x (L) = 23.62 W 


O 


<D 


CD 

Q. 

E 

CD 



- q"o = 20,000 W/m A 2; h = 50 W/m A 2.K 

—*— q"o = 30,000 W/m A 2; h = 50 W/m A 2.K 

—©— q"o = 20,000 W/m A 2; h = 200 W/m A 2.K 

—B— q”o = 4927 W/m A 2 with q”x(0) = 0; h = 200 W/m A 2.K 


The additional temperature distributions on the plot correspond to changes in the following parameters, 
with all the remaining parameters unchanged: (i) q* = 30,000 W/m 2 , (ii) h = 200 W/nr-K, (iii) the value 

of q^ for which q x (0) = 0 with h = 200 W/m 2 K. The condition for the last curve is q^ = 4927 W/m 2 
for which the temperature gradient at x = 0 is zero. 

Base case conditions are: q^ = 20,000 W/m 2 , T 0 = 100°C, T L = 35°C, T„ = 25°C, k = 25 W/m-K, h = 50 
W/m 2 K, L - 100 mm, t = 5 mm, W = 30 mm. 





PROBLEM 3.103 


KNOWN: Thin plastic film being bonded to a metal strip by laser heating method; strip dimensions and 
thermophysical properties are prescribed as are laser heating flux and convection conditions. 


FIND: (a) Expression for temperature distribution for the region with the plastic strip, -Wi/2 < x < Wi/2, 
(b) Temperature at the center (x = 0) and the edge of the plastic strip (x = ± Wi/2) when the laser flux is 

2 r 

10,000 W/m”; (c) Plot the temperature distribution for the strip and point out special features. 


SCHEMATIC: 


\q'o= 10,000 W/m 


Too = 25 °C 
h = 10 W/m 2 -K 


Metal strip, k = 60W/rrvK 



T= 25 °C 


w 1 /2 = 20mm d= 1.25 mm 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in x-direction only, (3) 
Plastic film has negligible thermal resistance, (4) Upper and lower surfaces have uniform convection 
coefficients, (5) Edges of metal strip are at air temperature (TJ, that is, strip behaves as infinite fin so 
that w 2 —> °°, ( 6 ) All the incident laser heating flux q* is absorbed by the film. 


PROPERTIES: Metal strip (given): p = 7850 kg/m 3 , c p = 435 J/kgm 3 , k = 60 W/m-K. 

ANALYSIS: (a) The strip-plastic film arrangement can be modeled as an infinite fin of uniform cross 
section a portion of which is exposed to the laser heat flux on the upper surface. The general solutions 
for the two regions of the strip, in terms of 0=T(x)-T oo , are 


0 < x < wj/2 0 1 (x) = C 1 e +nlx +C 2 e nlX +M/m 2 

M = q*P/2kA c = q”/kd m 

w 1 /2<x<°° #2 ( x ) = C 3 e +mx + C 4 e nlx . 

Four boundary conditions can be identified to evaluate the constants: 

Atx = 0: « - -~-° - 

At x = Wi/2: 


= (2h/kd) 


1/2 


At x = Wj/2: 


d9i , ■. n _o 

—k(0) = 0 = C 1 me u -C 2 me u +0 Cj = C 2 

dx 

6>(wi/2) = 0 2 (wi/2) 

C ie + mw i/2 + c 2 e- mw l/2 

dPj (wj/2)/dx = d$ 2 (w^/2)/dx 


2 „ +mwi/2 „ -mw. 2 

+ M/m =C 3 e ]/ +C 4 e 11 


„ +mwi/2 „ -mwi/2 „ +mwi/2 -mwi/2 

mCqe 17 - mC 2 e 17 +0 = mC 3 e 17 -mC 4 e 17 


At x —^ °°: (°°) — 0 — C 3 e + C 4 e —^ C 3 — 0 

With C 3 = 0 and Ci = C 2 , combine Eqs. (6 and 7) to eliminate C 4 to find 


Ct=C 2 =- 


M/m*- 


2 e mw l/ 2 
and using Eq. ( 6 ) with Eq. (9) find 

C 4 = M/m - sinh (mwj/2)e mx l^ _ 


(1) 

(2,3) 

(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 

(9) 

( 10 ) 


Continued... 



PROBLEM 3.103 (Cont.) 


Hence, the temperature distribution in the region (1) under the plastic film. 0 < x < Wi/2, is 


0 j (x) = - M/m (e +mx + e - mx ) + —= —fl- e - mw l / 2 cosh mx) 
~ mwi / w V /22V / 

' 11 mm 


(ii) < 


2 e 

and for the region (2), x > Wi/2, 

6 > 2 ( x ) = —^-sinh(mwj/ 2 )e mx ( 12 ) 

m“ 

(b) Substituting numerical values into the temperature distribution expression above, 0j(O) and 0|(wi/2) 
can be determined. First evaluate the following parameters: 

M = 10.000 w/m 2 /so W/m • K x 0.00125 m = 133,333 k/ m 2 
m = (2xl0w/m 2 •K/60W/m-Kx0.00125m'| = 16.33m _1 


Hence, for the midpoint x = 0, 
133,333K/m 2 


%(o) = 


(l6.33m 1 j’ 


1 -exp (-16.33 m 0.020 m 


ljxcosh ( 0 ) 


= 139.3K 


(0) = 0 l (0)+ = 139.3K + 25°C = 164.3°C . 


For the position x = Wi/2 = 0.020 m. 


0 1 (w 1 /2) = 500.0 


1-O.721coshll6.33m 1 x0.020m 


= 120. IK 


T 1 (w 1 /2) = 120.1K + 25°C = 145.1°C. < 

(c) The temperature distributions, 0i(x) and 02(x), are shown in the plot below. Using IHT, Eqs. (11) and 
(12) were entered into the workspace and a graph created. The special features are noted: 


(1) No gradient at midpoint, x = 0; symmetrical 
distribution. 

(2) No discontinuity of gradient at Wi/2 
(20 mm). 

(3) Temperature excess and gradient approach 
zero with increasing value of x. 



—*— Region 1 - constant heat flux, q"o 
—•— Region 2 - x >= wi/2 


COMMENTS: How wide must the strip be in order to satisfy the infinite fin approximation such that 0 2 
(x —> oo) = 0? For x = 200 mm, find 0 2 (2OO mm) = 6.3°C; this would be a poor approximation. When x 
= 300 mm, 0 2 (3OO mm) = 1.2°C; hence when w 2 /2 = 300 mm, the strip is a reasonable approximation to 
an infinite fin. 




PROBLEM 3.104 


KNOWN: Thermal conductivity, diameter and length of a wire which is annealed by passing an electrical 
current through the wire. 

FIND: Steady-state temperature distribution along wire. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction along the wire, (3) Constant 
properties, (4) Negligible radiation, (5) Uniform convection coefficient h. 

ANAUYSIS: Applying conservation of energy to a differential control volume, 
q x + Eg - dq conv - q x+c [ x = 0 

q x +dx =q x + ~gf dx q x = -k(;r D 2 /4)dT/dx 

dqconv = h (tt D dx) (T-T*,) E g =q|;r D“ /4jdx. 

Hence, 

2 

k(;rD 2 /4) ^dx+q(;r D 2 /4)dx-h(;r Ddx) (T-T oo ) = 0 
V ) dx 2 v ’ 


or, with 0 = T - , 


i!t e+ i=o 

dx 2 kD k 


The solution (general and particular) to this nonhomogeneous equation is of the form 

n mx . „-mx . q 

0 =C^e +C2 e -1-— 

km 2 

2 

where m = (4h/kD). The boundary conditions are: 


d0 

dx 


= 0 = m Q e° - mC 2 e° 


Jx=0 


Q=C 2 


e 


(L) = 0 = Ci( 


e mL +e -mLj + A 

1 km" 


The temperature distribution has the form 

mx , -mx 


T = T - 

1 A oo 


km" 


e -t-e 

„mL , „-mL 

e -i-e 


-1 


Cl 


-q/km" 


e mL +e -mL 


: C 2 


T -- 

A oo 


km" 


cosh mx 
cosh mL 


-1 


< 


COMMENTS: This process is commonly used to anneal wire and spring products. To check 
the result, note that T(L) = T(-L) = T*,. 



PROBLEM 3.105 


KNOWN: Electric power input and mechanical power output of a motor. Dimensions of housing, mounting pad 
and connecting shaft needed for heat transfer calculations. Temperature of ambient air, tip of shaft, and base of 
pad. 

FIND: Housing temperature. 


SCHEMATIC: 


T m = 25°C fff 
h h =10W/m*-K. I I I 


file c\ 

A A A !f^ ' 


P elec =25kW 

P mech =15kW 


+= 0.05m 




- - -jCZ &h" 2 - 7 ”* T h 

-^l^=25°C,h s =300W/ m 2.K 
rV F—^T(LW a ,-25 0 C 
Y^O.Sm - 0.05m 


% 


^mech^s 


*■ 


-W -aj« 


-k p =OSW(m-K 


k s = 4-OOW/m-K 


Jl=25°C=Zo 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in pad and shaft, (3) Constant 
properties, (4) Negligible radiation. 

ANALYSIS: Conservation of energy yields 

Pelec — Pmech — Oh — 9p — 9s = 0 

, . /_ T \ , „r2( T h _T oo) coshmL-0 L /0b 

— ^hAh (Tjj — Tqo )> Qp - kpW - , q s — M- 


sinh mL 


/ 2 \ 1/2 
0 L =O, mL= 4h s L /k s D , 


Hence 


q s = 


7T 2 /4 


M: 

a/2 


( K 2 3 

— D 3 h s k s 

4 s s 


a/2 


(Th-Too). 


D\k s ) (T h -T„) 


, , ,1/2 

tanhl4h s L"' /k s D j 


Substituting, and solving for (Th - T*,), 
Th — T 0 


Pelec Pmech 


1/2 

h h A h + k p W 2 /1 +^7T 2 /4)D 3 h s k s j / tanh (4h s L 2 /k s D) 

(^ 2 /4)D 3 h s k s J 1/2 =6.08 W/K, (4h s L 2 =3.87, 

(25-15)xl0 3 W 


1/2 


tanhmL=0.999 


Th To, 


10 4 W 


lOx 2+0.5 (0.7 y /0.05 + 6.08 /0.999 


W/K (20+4.90+6.15) W/K 


T h -To, =322.IK T h = 347.1°C 


COMMENTS: (1) Th is large enough to provide significant heat loss by radiation from the 
housing. Assuming an emissivity of 0.8 and surroundings at 25°C, q ra( j = £'A| 1 |Tj 4 — T s 4 |r j = 4347 

W, which compares with q conv = hAh (Th — Tx,) = 5390 W. Radiation has the effect of 
decreasing Th- (2) The infinite fin approximation, q s = M, is excellent. 






PROBLEM 3.106 


KNOWN: Dimensions and thermal conductivity of pipe and flange. Inner surface temperature of 
pipe. Ambient temperature and convection coefficient. 

FIND: Heat loss through flange. 

SCHEMATIC: 

Tco=20°C 
h = 10 W/m 2 -K 

T s i = 300°C - 

k = 40 W/m-K 

ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction in pipe and flange, (3) 
Constant thermal conductivity, (4) Negligible radiation exchange with surroundings. 

ANALYSIS: From the thermal circuit, the heat loss through the flanges is 

_ T s i — Tqo _ T s i — Tqo 

q “ Rt,w + Rt,f “ [ (D 0 / Di) / 47Ttk] + (1 / hA f 77 f ) 

Since convection heat transfer only occurs from one surface of a flange, the connected flanges may be 
modeled as a single annular fin of thickness t’ = 2t = 30mm. Hence, r 2 c = (Df H) + ill = 0.140m, 

A f =2^(r2 c -r 1 2 ) = 2^(r2 c -D o /2) = 2^(0.140 2 -0.06 2 )m 2 =0.101m 2 , L c = L + t'/2 = 

(D f -D 0 )/2 + t = 0.065m, A p = L c t' = 0.00195m 2 , L 2/2 (h/kA p ) 1/2 = 0.188. With r 2c /ri = 
r 2c /(D 0 /2) = 1.87, Fig. 3.19 yields rif = 0.94. Hence, 

300°C-20°C 

q =--r 

[^n(l.25)/4^x0.03mx40W/m-K]+ l/10W/m 2 ■ KxO.lOlm 2 x0.94 



280°C 


(0.0148+ 1.053)K/W 


: 262 W 


COMMENTS: Without the flange, heat transfer from a section of pipe of width t' — 2t is 

q = (T s j w +R t cnv ), where R t cnv =(hx^D 0 t / ) 1 =7.07K/W. Hence, 

q = 39.5 W, and there is significant heat transfer enhancement associated with the extended surfaces 
afforded by the flanges. 




PROBLEM 3.107 


KNOWN: TC wire leads attached to the upper and lower surfaces of a cylindrically shaped solder 
bead. Base of bead attached to cylinder head operating at 350°C. Constriction resistance at base and 
TC wire convection conditions specified. 

FIND: (a) Thermal circuit that can be used to determine the temperature difference between the two 
intermediate metal TC junctions, (T | - T 2 ); label temperatures, thermal resistances and heat rates; and 
(b) Evaluate (T 1 - T 2 ) for the prescribed conditions. Comment on assumptions made in building the 
model. 

SCHEMATIC: 


Winter ambient conditions 
T oo = -10°C 
h = 100 W/m 2 -K 


Very long TC wires 


k w = 70 W/m-K 


Cylinder head 
Thead = 385°C 
khead = 40 W/m-K 



Solder bead 
D S0 | = 6 mm 
k S0 | = 10 W/m-K 


Constriction resistance 


1/(2kh eaC |D S0 |) 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in solder bead; no 
losses from lateral and top surfaces; (3) TC wires behave as infinite fins, (4) Negligible thermal 
contact resistance between TC wire terminals and bead. 

ANALYSIS: (a) The thermal circuit is shown above. Note labels for the temperatures, thermal 
resistances and the relevant heat fluxes. The thermal resistances are as follows: 

Constriction (con) resistance, see Table 4.1, case 10 

R con = 1 /( 2k bead D sol) = 1/ ( 2x40 W/m Kx0.006 m) = 2.08 K/W 
TC (tc) wires, infinitely long fins; Eq. 3.80 

Rtc.l = R tc,2 = R fin = (hPk w A c ) P = 7fD w , A c = 7fD w /4 

R tc =(l00 W/m 2 KxTz; 2 x(0.003 m) 3 x70 W/m-K/4) °' 5 =46.31 K/W 
Solder bead (sol), cylinder D so | and L so j 

Rsol = k sol / ( k sol A sol) A sol = ^ D sol ^ 4 

R sol =0.010 m/|l0 W/m Kx7T(0.006 m) 2 /4) = 35.37 K/W 

(b) Perform energy balances on the 1- and 2-nodes, solve the equations simultaneously to find Ti and 
T 2 , from which (T | - T 2 ) can be determined. 


Continued 






Node 1 


PROBLEM 3.107 (Cont.) 

T 2~ T 1 , T head~ T l , T oo~ T l _ Q 
Rsol Rcon R tc.l 

Tqo-T 2 | t 1 -t 2 _ 0 

R tc,2 Rsol 

Substituting numerical values with the equations in the IHT Workspace, find 

T\ = 359°C T 2 = 199.2°C Tj -T 2 = 160°C 

COMMENTS: (1) With this arrangement, the TC indicates a systematically low reading of the 
cylinder head. The size of the solder bead (L sc q) needs to be reduced substantially. 

(2) The model neglects heat losses from the top and lateral sides of the solder bead, the effect of 
which would be to increase our estimate for (Ti - T 2 ). Constriction resistance is important; note that 
Thead — Tj = 26 C. 



PROBLEM 3.108 


KNOWN: Rod (D, k. 2L) that is perfectly insulated over the portion of its length -L < x < 0 and 
experiences convection (Too, h) over the portion 0 < x < + L. One end is maintained at T i and the 
other is separated from a heat sink at T 3 with an interfacial thermal contact resistance Rj c . 

FIND: (a) Sketch the temperature distribution T vs. x and identify key features; assume Ti > T 3 > 
T 2 ; (b) Derive an expression for the mid-point temperature T 2 in terms of thermal and geometric 
parameters of the system, (c) Using, numerical values, calculate T 2 and plot the temperature 
distribution. Describe key features and compare to your sketch of part (a). 

SCHEMATIC: 



D = 5 mm 
L = 50 mm 
k= 100 W/m-K 
Rt c = 4x1 O' 4 m 2 - 


K/W 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in rod for -L < x < 0, 
(3) Rod behaves as one-dimensional extended surface for 0 < x < +L, (4) Constant properties. 

ANALYSIS: (a) The sketch for the temperature distribution is shown below. Over the insulated 
portion of the rod, the temperature distribution is linear. A temperature drop occurs across the 
thermal contact resistance at x = +L. The distribution over the exposed portion of the rod is non¬ 



lb) To derive an expression for T 2 , begin with the general solution from the conduction analysis for a 
fin of uniform cross-sectional area, Eq. 3.66. 

0(x) = C 1 e mx +C 2 e- mx 0<x<+L (1) 

1/2 

where m = (hP/kA c ) and 0 = T(x) - T ra . The arbitrary constants are determined from the boundary 
conditions. 

At x = 0, thermal resistance of rod 


^x (0) - kA c —— 
dx 


= kA, 


0!-0(O) 


7x=0 


L 


Q\ = Tj - To, 


mQe^ -mC 2 e° = 


- (c ie ° + C 2 e°) 


( 2 ) 


Continued 











PROBLEM 3.108 (Cont.) 



(c) With Eqs. (1-4) in the IHT Workspace using numerical values shown in the schematic, find T 2 = 
62.1°C. The temperature distribution is shown in the graph below. 

Temperature distribution in rod 



x-coordinate, x (mm) 


COMMENTS: (1) The purpose of asking you to sketch the temperature distribution in part (a) was 
to give you the opportunity to identify the relevant thermal processes and come to an understanding of 
the system behavior. 

(2) Sketch the temperature distributions for the following conditions and explain their key features: 

(a) R( C = 0, (b) Rj c —> 00 , and (c) the exposed portion of the rod behaves as an infinitely long fin; 
that is, k is very large. 




PROBLEM 3.109 


KNOWN: Long rod in oven with air temperature at 400°C has one end firmly pressed 
against surface of a billet; thermocouples imbedded in rod at locations 25 and 120 mm from 
the billet indicate 325 and 375°C, respectively. 

FIND: The temperature of the billet, T b . 

SCHEMATIC: 

Rod 

T b 

Billet - 

ASSUMPTIONS: (1) Steady-state conditions, (2) Rod is infinitely long with uniform cross- 
sectional area, (3) Uniform convection coefficient along rod. 

ANALYSIS: For an infinitely long rod of uniform cross-sectional area, the temperature 
distribution is 

0(x) = 0 b e- mx (1) 

where 

0(x) = T(x)-T oo 0 b = T (0)-T oo = T b -Too. 

Substituting values for T | and T 2 at their respective distances, x | and X 2 , into Eq. (1), it is 
possible to evaluate m, 

^ ( X 1) _ ^b e mXl _ c -m(x 1 -x 2 ) 

0 b e- mx 2 

(325-400)° C -m(0.025-0.120)m T1 

(375-400)° C 

Using the value for m with Eq. (1) at location xp it is now possible to determine the rod base 
or billet temperature, 

0(x 1 ) = T 1 -T oo =(T b -T oo )e- mx 
(325 - 400)° C= (T b - 400)° C e~ ! 1 ■56x0.025 

T b =300°C. 



x(mm)A 

120 \ 


1 £~ - Oven wall 

"1^=25 7^5 °C 
-7[=32S 0 C 


COMMENTS: Using the criteria mL > 2.65 (see Example 3.8) for the infinite fin 
approximation, the insertion length should be > 229 mm to justify the approximation, 


< 



PROBLEM 3.110 


KNOWN: Temperature sensing probe of thermal conductivity k, length L and diameter D is mounted 
on a duct wall; portion of probe L; is exposed to water stream at j while other end is exposed to 

ambient air at 0 ; convection coefficients h; and h G are prescribed. 

FIND: (a) Expression for the measurement error, AT err = T t jp — T^ j, (b) For prescribed j and 
^ o > calculate AT err for immersion to total length ratios of 0.225, 0.425, and 0.625, (c) Compute 
and plot the effects of probe thermal conductivity and water velocity (hi) on AT err . 

SCHEMATIC: 


Too o 


Air' 

= 25 °C 


I h 
I I 

"*■ D = 12.5 mm I I 
->■ 1 _ 1 


Duct 

/-Probe 


h Q = 10W/m 2 *K 


rr 


Water 

T j = 80 °C 
hj — 1100 W/m 2 • K 


■Sensing tip, T t 


tip 


L r 


<o <!> X| 

I I 

- L = 200 mm 


•-i 

+1 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in probe, (3) Probe is 
thermally isolated from the duct, (4) Convection coefficients are uniform over their respective 
regions. 

PROPERTIES: Probe material (given): k = 177 W/m-K. 

ANALYSIS: (a) To derive an expression for 
AT err = T tip - Tqo i, we need to determine the 

temperature distribution in the immersed 
length of the probe Tj(x). Consider the probe 
to consist of two regions: 0 < x ; < L ; , the 
immersed portion, and 0 < x G < (L - L;), the 
ambient-air portion where the origin 
corresponds to the location of the duct wall. 

Use the results for the temperature distribution 
and fin heat rate of Case A, Table 3.4: 



Temperature distribution in region i: 

6 [ _ T i( x i)- T oo,i _ cosh(m i (L i -x i )) + (h i /m i k)sinh(L i -Xj) 
0 b,i T o -T °o,i cosh (mjL}) + (hj/mjk) sinh(mjLj) 

and the tip temperature, T tip = Ti(Li) at x ; = Li, is 
^tip — Too ,i 


Ttir.-T™; cosh(0) + (hj/mjk)sinh(0) 


T -T 

1 0 J^oo.l 


= A = 


cosh (mjLj) + (hj / mjk) sinh (mjLj) 

and hence 

AT err = T t jp — Tqo j = A (T 0 — Toop) 


( 1 ) 


( 2 ) 


(3) < 


where T 0 is the temperature at Xj = x Q = 0 which at present is unknown, but can be found by setting the 
fin heat rates equal, that is, 


q f , 0 = -q f . 


(4) 

Continued... 







PROBLEM 3.110 (Cont.) 


(h 0 PkA c ) 1/2 B = -(h;PkA c f 2 ff b j ■ C 


Solving for T c , find 

^b,o 


0 b,i 


5i-|^ = -(h i PkA c ) 1/2 e b . i .c 

A oo,i 


Too,o + 


hi 


> 1/2 


C, 

B 


l OO,l 


1+ 


V ' 1/2 

V h O ) 


where the constants B and C are, 

sinh (m 0 L 0 ) + (h Q /m 0 k)cosh (m 0 L 0 ) 
cosh (m 0 L 0 ) + (h Q /m 0 k) sinh (m 0 L 0 ) 

sinh (mjLj) + (hj / mjk)cosh (mjLj) 


B = 


C 


cosh (mjLj) + (hj/mjk) sinh (mjLj) 


(5) 

( 6 ) 

(7) 


(b) To calculate the immersion error for prescribed immersion lengths, Lj/L = 0.225, 0.425 and 0.625, 
we use Eq. (3) as well as Eqs. (2, 6, 7 and 5) for A, B, C, and T 0 , respectively. Results of these 
calculations are summarized below. 


L;/L 

L 0 (mm) 

Lj (mm) 

A 

B 

C 

T 0 (°C) 

AT ot (°C) 

0.225 

155 

45 

0.2328 

0.5865 

0.9731 

76.7 

-0.76 

0.425 

115 

85 

0.0396 

0.4639 

0.992 

77.5 

-0.10 

0.625 

75 

125 

0.0067 

0.3205 

0.9999 

78.2 

-0.01 


(c) The probe behaves as a fin having 2.5 

ends exposed to the cool ambient air - 
and the hot ambient water whose 7 

o 

temperature is to be measured. If the 1 5 

thermal conductivity is decreased, heat | 
transfer along the probe length is | 1 

likewise decreased, the tip temperature s 

p - 0 5 

will be closer to the water temperature. ® 

If the velocity of the water decreases, 0 

the convection coefficient will 
decrease, and the difference between the 
tip and water temperatures will increase. 



- Base case: k = 177 W/m.K; ho = 1100 W/m A 2.K 

—x— Low velocity flow: k = 177 W/m.K; ho = 500 W/m A 2.K 
—©— Low conductivity probe: k = 50 W/m.K; ho = 1100 W/m A 2.K 




PROBLEM 3.111 


KNOWN: Rod protruding normally from a furnace wall covered with insulation of thickness L ins 
with the length L c exposed to convection with ambient air. 

FIND: (a) An expression for the exposed surface temperature T c as a function of the prescribed 
thermal and geometrical parameters, (b) Will a rod of L 0 = 100 mm meet the specified operating 
limit, T 0 < 100°C? If not, what design parameters would you change? 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in rod, (3) Negligible 
thermal contact resistance between the rod and hot furnace wall, (4) Insulated section of rod, L ins , 
experiences no lateral heat losses, (5) Convection coefficient uniform over the exposed portion of the 
rod, L 0 , (6) Adiabatic tip condition for the rod and (7) Negligible radiation exchange between rod and 
its surroundings. 


ANALYSIS: (a) The rod can be modeled as a thermal network comprised of two resistances in 
series: the portion of the rod, L ins , covered by insulation, R ins , and the portion of the rod, L 0 , 
experiencing convection, and behaving as a fin with an adiabatic tip condition, R fm . For the insulated 
section: 


R ins — ^ins /LA C 


( 1 ) 


For the fin, Table 3.4, Case B, Eq. 3.76, 
R fin =6 *b/qf =- 


(hPkA c )^“ tanh (mL 0 ) 


\l/2 


m = (hP/kA c ) 

From the thermal network, by inspection, 


A c = 7rD /4 


T -T 

*o A °< 


T w -Xx 
Rins + R f 


<7f 


Tw Lq 

o-AVVVjAAAAAV 3 


7ns 


% 


P = 7rD 


T = T + 

A 0 A oo ' 


R 


fin 


R fin R ins + R fin R ins + R fin 

(b) Substituting numerical values into Eqs. (1) - (6) with L 0 = 200 mm. 


(T w Too) 


T 0 =25 C + 


6.298 


6.790 + 6.298 


(200-25)° C = 109°C 


0.200 m , r <2 / _4 2 

R ins =- 7 -- = 6.790K/W A c = n (0.025 m) / /4 = 4.909x 10 rn 

60 W/m • K x 4.909 x 10 -4 m 2 

R f m =1 J \ (0.0347W 2 /K 2 ) 1/ ~tanh(6.324x0.200) = 6.298K/W 

(hPkA c ) = |l5 w/m 2 • K x n (0.025 m)x 60 w/m • K x 4.909 x 10 -4 m 2 j = 0.0347 W 2 /k 2 


( 2 ) 
(3,4,5) 
( 6 ) < 

< 


Continued... 





PROBLEM 3.111 (Cont.) 


m 


= (hP/kA c ) 1/2 = (l5w/m 2 -Kx/r(0.025m)/ 


60 W 


/ m■ Kx4.909x10 4 m 2 


vl/2 


= 6.324 m 


-1 


Consider the following design changes aimed at reducing T 0 < 100°C. (1) Increasing length of the fin 
portions: with L 0 = 200 mm, the fin already behaves as an infinitely long fin. Hence, increasing L 0 
will not result in reducing T 0 . (2) Decreasing the thermal conductivity: backsolving the above 
equation set with T 0 = 100°C, find the required thermal conductivity is k = 14 W/m-K. Hence, we 
could select a stainless steel alloy; see Table A. 1. (3) Increasing the insulation thickness: find that 
for T 0 = 100°C, the required insulation thickness would be L ins = 211 mm. This design solution might 
be physically and economically unattractive. (4) A very practical solution would be to introduce 
thermal contact resistance between the rod base and the furnace wall by “tack welding” (rather than a 
continuous bead around the rod circumference) the rod in two or three places. (5) A less practical 
solution would be to increase the convection coefficient, since to do so, would require an air handling 
unit. 


COMMENTS: (1) Would replacing the rod by a thick-walled tube provide a practical solution? 


(2) The IHT Thermal Resistance Network Model and the Thermal Resistance Tool for a fin with an 
adiabatic tip were used to create a model of the rod. The Workspace is shown below. 


//Thermal Resistance Network Model: 

// The Network: 



// Heat rates into node j.qij, through thermal resistance Rij 
q21 = (T2 - T1) / R21 
q32 = (T3 - T2) / R32 

// Nodal energy balances 
ql +q21 =0 
q2 - q21 + q32 = 0 
q3 - q32 = 0 


/* Assigned variables list: deselect the qi, Rij and Ti which are unknowns; set qi = 0 for embedded nodal 

points at which there is no external source of heat. 7 

TI = Tw // Furnace wall temperature, C 

//qi = // Heat rate, W 

T2 = To // To, beginning of rod exposed length 

q2 = 0 // Heat rate, W; node 2; no external heat source 

T3 = Tint // Ambient air temperature, C 

//q3 = // Heat rate, W 

// Thermal Resistances: 

// Rod - conduction resistance 

R21 = Lins / (k * Ac) // Conduction resistance, K/W 

Ac = pi * D A 2 / 4 // Cross sectional area of rod, m A 2 

// Thermal Resistance Tools - Fin with Adiabatic Tip: 

R32 = Rfin // Resistance of fin, K/W 

/* Thermal resistance of a fin of uniform cross sectional area Ac, perimeter P, length L, and thermal 
conductivity k with an adiabatic tip condition experiencing convection with a fluid at Tint and coefficient h, 7 
Rfin = 1/ (tanh (m*Lo) * (h * P * k * Ac ) A (1/2)) // Case B, Table 3.4 

m = sqrt(h*P / (k*Ac)) 

P = pi * D // Perimeter, m 


// Other Assigned Variables: 

Tw = 200 // Furnace wall temperature, C 

k = 60 // Rod thermal conductivity, W/m.K 

Lins = 0.200 // Insulated length, m 

D = 0.025 // Rod diameter, m 

h = 15 // Convection coefficient, W/m A 2.K 

Tint = 25 // Ambient air temperature,C 

Lo = 0.200 // Exposed length, m 





PROBLEM 3.112 


KNOWN: Rod (D, k, 2L) inserted into a perfectly insulating wall, exposing one-half of its length to 
an airstream (Too, h). An electromagnetic field induces a uniform volumetric energy generation (q) 
in the imbedded portion. 

FIND: (a) Derive an expression for T b at the base of the exposed half of the rod; the exposed region 
may be approximated as a very long fin; (b) Derive an expression for T 0 at the end of the imbedded 
half of the rod, and (c) Using numerical values, plot the temperature distribution in the rod and 
describe its key features. Does the rod behave as a very long fin? 


SCHEMATIC: 



D = 5 mm 
L = 50 mm 
k = 25 W/m-K 
q = IxlO 6 W/m 3 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in imbedded portion 
of rod, (3) Imbedded portion of rod is perfectly insulated, (4) Exposed portion of rod behaves as an 
infinitely long fin, and (5) Constant properties. 


ANALYSIS: (a) Since the exposed portion of the rod (0 < x < + L) behaves as an infinite fin, the fin 
heat rate using Eq. 3.80 is 


q X (0) = q f = M = (hPkA c ) 1/2 (T b - Too ) 


(1) 


From an energy balance on the imbedded portion of the rod, 
qf =qA c L 

.2 


( 2 ) 


Combining Eqs. (1) and (2), with P = 7tD and A c = 7tD /4, find 

T b =T oa +q f (hPkA c p 1/2 = T co +qA^ /2 L(hPk)“ 1/2 (3) < 

(b) The imbedded portion of the rod (-L < x < 0) experiences one-dimensional heat transfer with 
uniform q. From Eq. 3.43, 

T„=f + T b < 

(c) The temperature distribution T(x) for the rod is piecewise parabolic and exponential, 


T(x)-T b = 


qL 


2 k 


T(x)-Tq, 
Tu —T^ 


f V A 2 


V L J 


= exp(-mx) 


-L < x < 0 


0 < x < +L 


Continued 






PROBLEM 3.112 (Cont.) 


The gradient at x = 0 will be continuous since we used this condition in evaluating T| v The 
distribution is shown below with T 0 = 105.4°C and Tb = 55.4°C. 

T(x) over embedded and exposed portions of rod 



Radial position, x 



PROBLEM 3.113 


KNOWN: Very long rod (D, k) subjected to induction heating experiences uniform volumetric 
generation (q) over the center, 30-mm long portion. The unheated portions experience convection 

(T^, h). 

FIND: Calculate the temperature of the rod at the mid-point of the heated portion within the coil, T 0 , 
and at the edge of the heated portion, Tb- 

SCHEMATIC: 



L = 15 mm k = 25 W/m-K 






PROBLEM 3.114 

KNOWN: Dimensions, end temperatures and volumetric heating of wire leads. Convection coefficient 
and ambient temperature. 

FIND: (a) Equation governing temperature distribution in the leads, (b) Form of the temperature 
distribution. 


SCHEMATIC: 



Zvh 


ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction in x, (3) Uniform volumetric 
heating, (4) Uniform h (both sides), (5) Negligible radiation. 

ANALYSIS: (a) Performing an energy balance for the differential control volume, 

- ^x+dx - dq conv + 4dV = 0 


p. _p ,+p = n 

Hn ^out T ^g u 

, dT 

dT df 

-kA c - 

-kA c - 

c dx 

dx dx ^ 

d 2 T hP 

(T-T oo ) + ^- = 0 

dx 2 kA c 

v ’ k 


, . dT 
kA c — 
“ dx 


dx 


- hPdx (T - T^) + qA c dx = 0 


2 

(b) With a reduced temperature defined as 0 = T — — (qA c /hP) and m z = hP/kA c , the 

differential equation may be rendered homogeneous, with a general solution and boundary conditionsas 
shown 


d 2 0 


-m 0 = 0 


dx 

0 b =€ 2+02 


0(x) = C 1 e mx +C 2 e' 


mx 


0 c= C 1 e mL +C 2 e- mL 


it follows that 


Q = 


®b e ^-©c 
e -mL_ e mL 


c 2 = 


0 c -0 b e mL 

e -mL_ e mL 


0(X) = 


(®b e_lllL - © c )e mx +(© c _ ®b emL )e 


-mx 


-mL „mL 
e -e 


COMMENTS: If q is large and h is small, temperatures within the lead may readily exceed the 
prescribed boundary temperatures. 



PROBLEM 3.115 


KNOWN: Disk-shaped electronic device (D, L d , kj) dissipates electrical power (P e ) at one of its 
surfaces. Device is bonded to a cooled base (T 0 ) using a thermal pad (L p , kA). Long fin (D, kf) is 

bonded to the heat-generating surface using an identical thermal pad. Fin is cooled by convection (Too, 
h). 

FIND: (a) Construct a thermal circuit of the system, (b) Derive an expression for the temperature of the 
heat-generating device, T d , in terms of circuit thermal resistance, T 0 and Too; write expressions for the 
thermal resistances; and (c) Calculate T d for the prescribed conditions. 


SCHEMATIC: 


Lp - H L d 


/ Heat generating surface, P e = 15 W, T d 


T 0 = 20°C 



Air 

Long fin, D, k f T 00 = 15°C 

Device , k d h = 250 W/m 2 -K 

■Thermal pads, k p 


Device Fins 

L d = 3 mm D = 6 mm 

k d = 25 W/m-K kf = 230 W/m-K 
Pads 

Lp = 1.5 mm 
k p = 50 W/m-K 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction through thermal pads 
and device; no losses from lateral surfaces; (3) Fin is infinitely long, (4) Negligible contact resistance 
between components of the system, and (5) Constant properties. 


ANALYSIS: (a) The thermal circuit is shown below with thermal resistances associated with 
conduction (pads, R p ; device, R d ) and for the long fin, Rf. 


q a 


T 0 T d Toq 

-> •^\AAA^-AAAAfVWV^*AV\A^ ◄- 


Rn 


R d | 

pj 


Rn 


Rf 


qb 


(b) To obtain an expression for T d , perform an energy balance about the d-node 

Tin — E out = Qa + Qb + ^e = 0 
Using the conduction rate equation with the circuit 


T 

Qa= — 


*d 


Qb = 


l d 


Rf+Rd Rp+Rf 

Combine with Eq. (1), and solve for T d , 

Pe + E 0 / (Rp + Rd ) + Too / (Rp + Rf ) 


T d = 


l/(Rp+R d ) + l/(R p +R f ) 


\-l/2 


where the thermal resistances with P = 7tD and A c = 7tD /4 are 

Rp = Ep/kq>A c R c j=L c j/ kjAj. Rf = (hPkfA c ) 

(c) Substituting numerical values with the foregoing relations, find 

R p =1.061 K/W R d =4.244 K/W R f =5.712 K/W 

and the device temperature as 
T d = 62.4°C 


(1) 

(2,3) 


(4) 

(5,6,7) 


< 


COMMENTS: What fraction of the power dissipated in the device is removed by the fin? Answer: 
q b /P e = 47%. 





PROBLEM 3.116 


KNOWN: Dimensions and thermal conductivity of a gas turbine blade. Temperature and convection 
coefficient of gas stream. Temperature of blade base and maximum allowable blade temperature. 

FIND: (a) Whether blade operating conditions are acceptable, (b) Heat transfer to blade coolant. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, steady-state conduction in blade, (2) Constant k, (3) Adiabatic 
blade tip, (4) Negligible radiation. 

ANALYSIS: Conditions in the blade are determined by Case B of Table 3.4. 

(a) With the maximum temperature existing at x = L, Eq. 3.75 yields 

t(l)-t co _ 1 

Tb ~ Too cosh mL 

1/2 

m = (hP/kA c ) 1/2 =(250W/m 2 Kx0.11m/20W/m Kx6xl0“ 4 m 2 ) 

m = 47.87 m 1 and mL = 47.87 m 1 x 0.05 m = 2.39 
From Table B.l, cosh mL = 5.51. Hence, 

T(L) = 1200°C+ (300-1200)° C/5.51 = 1037°C < 

and the operating conditions are acceptable. 

(b) With M = (hPkA c ) 1/2 © b = ^250W/m 2 Kx0.11mx20W/m - Kx6xl0 _ 4 m 2 j ^ 2 |-900°cj = -517W , 
Eq. 3.76 and Table B.l yield 

q f = M tanh mL = -517W (0.983) = -508W 

Hence, qb = -qf = 508W ^ 

COMMENTS: Radiation losses from the blade surface and convection from the tip will contribute to 
reducing the blade temperatures. 



PROBLEM 3.117 


KNOWN: Dimensions of disc/shaft assembly. Applied angular velocity, force, and torque. Thermal 
conductivity and inner temperature of disc. 

FIND: (a) Expression for the friction coefficient p, (b) Radial temperature distribution in disc, (c) Value 
of p for prescribed conditions. 

SCHEMATIC: 

h — q— t = 12 mm 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) Constant k, 
(4) Uniform disc contact pressure p, (5) All frictional heat dissipation is transferred to shaft from base of 
disc. 


ANALYSIS: (a) The normal force acting on a differential ring extending from r to r+dr on the contact 
surface of the disc may be expressed as dF n = p27Trdr. Hence, the tangential force is dF t = pp2/zrdr, 
in which case the torque may be expressed as 

9 

dr = 27ijipr dr 

For the entire disc, it follows that 

T = 2^up| f2 r 2 dr = ^ ^pr^ 

where p = fAzt^ • Hence, 


3 T 

/i = - 

2Fr 2 

(b) Performing an energy balance on a differential control volume in the disc, it follows that 
^conda - + dqfric ~ dcond,r+dr = 0 

With dqf r j c = codz = 2ji¥(o |t j ^ jdr, Pcond,r+dr = dcond,r + (ddcondq/dr)dr ■> an d 


< 


q CO nd,r = _ k (2?rrt) dT/dr, it follows that 
2MF«.(P/^)jr + 2.kt d(l ^ /dr) 


dr = 0 


or 


d(rdT/dr) 

dr 


r 2 

^ktr| 


Integrating twice, 








PROBLEM 3.117 (Cont.) 


Continued... 


dT _ flFco ^ + C 
dr 37 rktr| r 


T = - ^ FC ° r 3 + C^nr + C 2 

9^ktri 


Since the disc is well insulated at r = r 2 , dT/dr|^ = 0 and 


Cl 


flF(OV2 


3/rkt 

With T (q ) = , it also follows that 

C 2 =Tl+-^r 1 3 -C 1 ta 1 

9^ktrj 


Hence, 


( , /J.F(o ( 3 31 ^Ftor 2 r 

T ( r )= T i r -I i r^rr to_ 

V ' 37T kt n 


9/rktr 

Z. 

(c) For the prescribed conditions, 
3 8 N ■ m 


A* = - 


= 0.333 


2 200N (0.18m) 

Since the maximum temperature occurs at r = r 2 , 

/fFft)r 2 


d max _ d ( r 2 ) _ d l 


9?rkt 


1- 

M 

3' 

+ /lF ® r ^„ 

^*1 


\ r 2 J 


37Tkt 

v f l J 


With ( iiFm 2 /37Tkt ) = (0.333x 200Nx 40rad/sx 0. 1 8m/3;r x 1 5W/m ■ K x 0.0 1 2m) = 282.7°C, 


T m ax=80°C- 


282.7 C 


1 - 


0.02 

018 


33 


+ 282.7°Cfn 


C 0.18 ^ 


0.02 


T max = 80° C — 94.1° C + 621.1° C = 607° C < 

COMMENTS: The maximum temperature is excessive, and the disks should be actively cooled (by 
convection) at their outer surfaces. 



PROBLEM 3.118 

KNOWN: Extended surface of rectangular cross-section with heat flow in the longitudinal direction. 


FIND: Determine the conditions for which the transverse (y-direction) temperature gradient is 
negligible compared to the longitudinal gradient, such that the 1-D analysis of Section 3.6.1 is valid 
by finding: (a) An expression for the conduction heat flux at the surface, q* (t), in terms of T s and 

T 0 , assuming the transverse temperature distribution is parabolic, (b) An expression for the 
convection heat flux at the surface for the x-location; equate the two expressions, and identify the 

parameter that determines the ratio (T 0 - T S )/(T S - Too); and (c) Developing a criterion for establishing 
the validity of the 1-D assumption used to model an extended surface. 


SCHEMATIC: 



At an x-location, -; 

surface energy balance x 


dev 


| dy(t) 





Temperature distribution at any x-location 


ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform convection coefficient and (3) Constant 
properties. 


ANALYSIS: (a) Referring to the schematics above, the conduction heat flux at the surface y = t at 
any x-location follows from Fourier’s law using the parabolic transverse temperature distribution. 

=-klfTjx)-T„(x)l2Z ) =-—|TUx)-T„(x)l (1) 


q ’ y («) = -k^ 


A'=t 


[T s (x)-T 0 (x)]A = -^[T s (x)-T 0 (x)] 

, t 
1 /y=t 


(b) The convection heat flux at the surface of any x-location follows from the rate equation 


q'v=h[T s (x)-T„] 


( 2 ) 


Performing a surface energy balance as represented schematically above, equating Eqs. (1) and (2) 
provides 

qy( t ) = qcv 
2k 


— r [T s (x)-T 0 (x)] = h[T s (x)-T oo ] 

T s (x)-T n (x) ht 

-^-4 -= -0-5 — = -0.5 Bi 

T s (x)-T 00 (x) k 


(3) 


where Bi = ht/k, the Biot number, represents the ratio of the convection to the conduction thermal 
resistances, 


Bi: 


Red _ t/k 


R 


cv 


1/h 


(4) 


(c) The transverse gradient (heat flow) will be negligible compared to the longitudinal gradient when 
Bi « 1, say, 0.1, an order of magnitude smaller. This is the criterion to validate the one-dimensional 
assumption used to model extended surfaces. 


COMMENTS: The coefficient 0.5 in Eq. (3) is a consequence of the parabolic distribution 
assumption. This distribution represents the simplest polynomial expression that could approximate 
the real distribution. 








PROBLEM 3.119 


KNOWN: Long, aluminum cylinder acts as an extended surface. 

FIND: (a) Increase in heat transfer if diameter is tripled and (b) Increase in heat transfer if 
copper is used in place of aluminum. 

SCHEMATIC: 


Aluminum 
or copper 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant 
properties, (4) Uniform convection coefficient, (5) Rod is infinitely long. 

PROPERTIES: Table A-1, Aluminum (pure): k = 240 W/m K; Table A-l, Copper (pure): k 
= 400 W/m K. 

ANALYSIS: (a) For an infinitely long fin, the fin heat rate from Table 3.4 is 
q f =M = (hPkA c ) 1/2 0 b 

q f =(hfDkfD 2 /4) 17 “0 b = ^(hk) 1/2 D 372 0 b . 

2 3/2 

where P = 7iD and A c = 7iD /4 for the circular cross-section. Note that qf a D . Hence, if 

the diameter is tripled, 

2£(2El = 3 3/2 =5 .2 

Qf (d) 


and there is a 420% increase in heat transfer. 

1/2 

(b) In changing from aluminum to copper, since qf a k , it follows that 


Of (Cu) 
q f (Al) 


k Cu 

1/2 

"400" 

_ k Al _ 


.240. 


1.29 


and there is a 29% increase in the heat transfer rate. 


< 


< 


COMMENTS: (1) Because fin effectiveness is enhanced by maximizing P/A c = 4/D, the use 
of a larger number of small diameter fins is preferred to a single large diameter fin. 

(2) From the standpoint of cost and weight, aluminum is preferred over copper. 



PROBLEM 3.120 


KNOWN: Length, diameter, base temperature and environmental conditions associated with a brass rod. 
FIND: Temperature at specified distances along the rod. 

SCHEMATIC: 



L = 0.1 m 
D=0.005m 
x t - O.OZSm 
x^-O.OSm 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, (4) 
Negligible radiation, (5) Uniform convection coefficient h. 

PROPERTIES: TableA-l, Brass (f = 110°c): k = 133W/m-K. 


ANALYSIS: Evaluate first the fin parameter 


Up! 

1/2 

\\K D 

1/2 

" 4h" 

1/2 

4x30 W/m 2 - K 

1 

> 

o 

1_ 


kn D 2 /4_ 


kD 


133 W/m - KxO.005m 


m = 13.43 m" 1 . 


Hence, m L = (13.43)x0.1 = 1.34 and from the results of Example 3.8, it is advisable not to make the 
infinite rod approximation. Thus from Table 3.4, the temperature distribution has the form 

cosh m(L-x) + (h/mk)sinh m(L-x 

cosh mL + (h/mk)sinh mL 



Evaluating the hyperbolic functions, cosh mL = 2.04 and sinh mL = 1.78, and the parameter 


h 

mk 


30 W/m 2 ■ K 
13.43m' 1 (133 W/m K) 


0.0168, 


with 0b = 180°C the temperature distribution has the form 
cosh m(L-x) +0.0168 sinh m(L-x) 


6 


2.07 


-(l80°c). 


The temperatures at the prescribed location are tabulated below. 


x(m) 

cosh m(L-x) 

sinh m(L-x) 

0 

T(°C) 

X! =0.025 

1.55 

1.19 

136.5 

156.5 

X2 = 0.05 

1.24 

0.725 

108.9 

128.9 

L = 0.10 

1.00 

0.00 

87.0 

107.0 


< 

< 

< 


COMMENTS: If the rod were approximated as infinitely long: T(x |) = 148.7°C, T(x 2 ) = 
112.0°C, and T(L) = 67.0°C. The assumption would therefore result in significant 
underestimates of the rod temperature. 



PROBLEM 3.121 

KNOWN: Thickness, length, thermal conductivity, and base temperature of a rectangular fin. Fluid 
temperature and convection coefficient. 

FIND: (a) Heat rate per unit width, efficiency, effectiveness, thermal resistance, and tip temperature 
for different tip conditions, (b) Effect of convection coefficient and thermal conductivity on the heat 
rate. 

SCHEMATIC: 



Aluminum alloy 
k = 180 W/m-K 


t = 1 mm 


ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction along fin, (3) Constant 
properties, (4) Negligible radiation, (5) Uniform convection coefficient, (6) Fin width is much longer 
than thickness (w » t). 

ANALYSIS: (a) The fin heat transfer rate for Cases A, B and D are given by Eqs. (3.72), (3.76) and 

(3.80) , where M ~ (2 hw 2 tk) 1/2 (T b - Too) = (2 x 100 W/m 2 -K x 0.001m x 180 W/m-K) 1/2 (75°C) w = 
450 w W, m~ (2h/kt) 1/2 = (200 W/m 2 -K/180 W/m-K xO.OOlm) 172 = 33.3m' 1 , mL » 33.3m' 1 x 0.010m 
= 0.333, and (h/mk) » (100 W/m 2 -K/33.3m'' x 180 W/m-K) = 0.0167. From Table B-l, it follows 
that sinh mL ~ 0.340, cosh mL ~ 1.057, and tanh mL ~ 0.321. From knowledge of qj, Eqs. (3.86), 

(3.81) and (3.83) yield 

4f 


'It 


F ~ q f r ' -°b 

■’ e f ~rTT’ K t, f 

ht0 b q f 


h(2L+t)0 b 

Case A: From Eq. (3.72), (3.86), (3.81), (3.83) and (3.70), 

, M sinh mL+(h/mk) cosh mL 0.340 + 0.0167x1.057 

q f =-----= 450 W / m-= 151W/m 


'If = 


£ f =■ 


coshmL+ (h/mk)sinhmL 
151W / m 

100W/m 2 -K(0.021m)75°C 

151W / m 
100W/m 2 -K(0.001m)75°C 


1.057 + 0.0167x0.340 


= 0.96 


75°C 

= 20.1, R t f =-= 0.50m-K/W 

151W/m 


< 

< 


T(L) = T 0O + 




cosh mL+ (h / mk)sinh mL 


-= 25°C + - 


75°C 


1.057+ (0.0167)0.340 


= 95.6°C 


Case B: From Eqs. (3.76), (3.86), (3.81), (3.83) and (3.75) 

, M . . 

q f =— tanh mL = 450 W/m(0.32l) = 144 W/m 
w 

rjf = 0.92, e f = 19.2, R' jf = 0.52 m • K/ W 

T (L) = T^ + ——— = 25°C + 1 ^- C - = 96.0°C 
coshmL 1.057 


< 

< 

< 


Continued 




PROBLEM 3.121 (Cont.) 


Case D (L -» oo) : From Eqs. (3.80), (3.86), (3.81), (3.83) and (3.79) 

, M . 

q f = — = 450 W / m < 

w 

ijf =0. £f =60.0. Rj f = 0.167m• K/W, T(L) = T 00 = 25°C < 

(b) The effect of h on the heat rate is shown below for the aluminum and stainless steel fins. 



Convection coefficient, h(W/m A 2.K) 

-o- qfA' 

-a- qfB' 

-a- q f D ’ 


Variation of qf with h (k=1 5W/m .K) 



qfA' 
qfB' 
q f D' 


For both materials, there is little difference between the Case A and B results over the entire range of 
h. The difference (percentage) increases with decreasing h and increasing k, but even for the worst 
case condition (h = 10 W/m”K, k = 180 W/m-K), the heat rate for Case A (15.7 W/m) is only slightly 
larger than that for Case B (14.9 W/m). For aluminum, the heat rate is significantly over-predicted by 

the infinite fin approximation over the entire range of h. For stainless steel, it is over-predicted for 

2 

small values of h, but results for all three cases are within 1% for h > 500 W/m K. 

COMMENTS: From the results of Part (a), we see there is a slight reduction in performance 
(smaller values of cp, rjf and , as well as a larger value of R t f ) associated with insulating the tip. 

Although r|f = 0 for the infinite fin, qj and £f are substantially larger than results for L = 10 mm, 
indicating that performance may be significantly improved by increasing L. 





PROBLEM 3.122 

KNOWN: Thickness, length, thermal conductivity, and base temperature of a rectangular fin. Fluid 
temperature and convection coefficient. 

FIND: (a) Heat rate per unit width, efficiency, effectiveness, thermal resistance, and tip temperature 
for different tip conditions, (b) Effect of fin length and thermal conductivity on the heat rate. 

SCHEMATIC: 



Aluminum alloy 
k = 180 W/m-K 

t = 1 mm 


ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction along fin, (3) Constant 
properties, (4) Negligible radiation, (5) Uniform convection coefficient, (6) Fin width is much longer 
than thickness (w » t). 

ANALYSIS: (a) The fin heat transfer rate for Cases A, B and D are given by Eqs. (3.72), (3.76) and 

(3.80) , where M » (2 hw 2 tk) 1/2 (T b - Too) = (2 x 100 W/m 2 -K x 0.001m x 180 W/m-K) 1/2 (75°C) w = 
450 w W, m~ (2h/kt) 1/2 = (200 W/m 2 -K/180 W/m-K xO.OOlm) 172 = 33.3m' 1 , mL » 33.3m' 1 X 0.010m 
= 0.333, and (h/mk) - (100 W/m 2 -K/33.3m‘ 1 X 180 W/m-K) = 0.0167. From Table B-l, it follows 
that sinh mL ~ 0.340, cosh mL ~ 1.057, and tanh mL ~ 0.321. From knowledge of qf, Eqs. (3.86), 

(3.81) and (3.83) yield 

-*-, *«-*-, R t f = — 

h(2L + t)0 b ht0 b ’ q f 

Case A: FromEq. (3.72), (3.86), (3.81), (3.83) and (3.70), 

, M sinh mL+(h/mk)cosh mL 0.340 + 0.0167x1.057 . 

q f =-----= 450 W / m-= 151W/m < 

w coshmL+(h/mk) sinh mL 1.057 + 0.0167x0.340 


7f = 


151W / m 


= 0.96 


£ f =- 


100 W / m" ■ K(0.021m)75°C 

151W / m 
100W/m 2 -K(0.001m)75°C 


75°C 

= 20.1, R t f =-= 0.50m-K/W 

151W/m 


T(l) = T co + 


0 b 


- = 25 °C + - 


75°C 


cosh mL+ (h / mk)sinh mL 1.057 + (0.0167) 0.340 


= 95.6°C 


Case B: From Eqs. (3.76), (3.86), (3.81), (3.83) and (3.75) 

, M . . 

q f =— tanh mL = 450 W/m(0.32l) = 144 W/m 
w 

r/ f = 0.92, e f =19.2, R' t f =0.52 m-K/W 

T (L) = T^ + ——— = 25°C + 1 ^- C - = 96.0°C 
coshmL 1.057 


< 

< 

< 

< 

< 

< 


Continued 




PROBLEM 3.122 (Cont.) 


Case D (L -> oo) : From Eqs. (3.80), (3.86), (3.81), (3.83) and (3.79) 

, M . 

q f = — = 450 W / m < 

w 

77 , =0, £f =60.0, R, f = 0.167m• K/W, T(l) = T co = 25°C < 

(b) The effect of L on the heat rate is shown below for the aluminum and stainless steel fins. 



qfA' 
q fB' 
q f D ’ 



Fin length, L(m) 


—®— qfA' 
-A- qfB' 
-a- q f D' 


For both materials, differences between the Case A and B results diminish with increasing L and are 
within 1 % of each other at L = 27 mm and L ~ 13 mm for the aluminum and steel, respectively. At L 
= 3 mm, results differ by 14% and 13% for the aluminum and steel, respectively. The Case A and B 
results approach those of the infinite fin approximation more quickly for stainless steel due to the 
larger temperature gradients, IdT/dxl, for the smaller value of k. 

COMMENTS: From the results of Part (a), we see there is a slight reduction in performance 
(smaller values of qj-, r? f and , as well as a larger value of R, f ) associated with insulating the tip. 

Although r|f = 0 for the infinite fin, q,- and £f are substantially larger than results for L = 10 mm, 
indicating that performance may be significantly improved by increasing L. 





PROBLEM 3.123 


KNOWN: Length, thickness and temperature of straight fins of rectangular, triangular and parabolic 
profiles. Ambient air temperature and convection coefficient. 

FIND: Heat rate per unit width, efficiency and volume of each fin. 

SCHEMATIC: 


Rectangular 

L c = L + t/2 = 16.5 mm 


t = 3 mm k— L = 1 5 mm —>1 C Air 


T b =100°C 


Triangular 


To, = 20°C 
h = 50 W/m 2 -K 


w 


l\ 


Parabolic 


Aluminum alloy 
k = 185 W/m-K 


ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction, (3) Constant properties, (4) 
Negligible radiation, (5) Uniform convection coefficient. 

ANALYSIS: For each fin, 


9f — Omax — Vf hAf 6^ , V — Ap 

where t|f depends on the value of m = (2h/kt) 1/_ = (100 W/nT-K/185 W/m-K x 0.003m) 1/2 = 13.4m 1 
and the product mL = 13.4m 1 x 0.015m = 0.201 or mL c = 0.222. Expressions for r|f, Af and A p are 
obtained from Table 3-5. 


Rectangular Fin: 

tanh mL r 0.218 

m =- k =- 

mL c 0.222 

q' = 0.982^50W/m 2 ■ K 


= 0.982, Af = 2 L c = 0.033m 
)o.033m(80°C) = 129.6 W/m, V' = tL = 4.5x10 


-5 


m 


< 

< 


Triangular Fin: 


ilf 


1 I 1 (2mL) 
mL Iq (2 mL) 


0.205 


(0.201)1.042 


= 0.978, Af = 2 


L 2 + (t/2) 2 


1/2 


= 0.030m 


< 


q' = 0.978^50 W/m 2 • Kjo.030m(80°C) = 117.3W/m, V'= (t/2)L = 2.25x10 5 m 2 < 

Parabolic Fin: 




4(mL)“+l 


1/2 


= 0.963, Af = 


+ 1 


C 1 L + (L 2 /t)ln(t/L + C 1 ) 


= 0.030m 


q( = 0.963^50W/m 2 • Kj0.030m(80°C) = 115.6W/m, V =(t/3)L = 1.5xl0 5 m 2 < 

COMMENTS: Although the heat rate is slightly larger (-10%) for the rectangular fin than for the 
triangular or parabolic fins, the heat rate per unit volume (or mass) is larger and largest for the 
triangular and parabolic fins, respectively. 



PROBLEM 3.124 


KNOWN: Melting point of solder used to join two long copper rods. 
FIND: Minimum power needed to solder the rods. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction along the 
rods, (3) Constant properties, (4) No internal heat generation, (5) Negligible radiation 
exchange with surroundings, (6) Uniform h, and (7) Infinitely long rods. 


PROPERTIES: Table A-l: Copper T = (650 + 25)° C » 600K: k = 379 W/m- K. 

ANALYSIS: The junction must be maintained at 650°C while energy is transferred by 
conduction from the junction (along both rods). The minimum power is twice the fin heat rate 
for an infinitely long fin, 


qrain=2q f = 2(hPkA c ) 1/2 (T b -T„ ). 


Substituting numerical values, 


Omin — ^ 


W 


10—-(TrxO.Olm) 


m 2 K 


w 

379 

^(O.Olm) 2 

m ■ K 

4 


-ii/2 


(650-25)° C. 


Therefore, 

qmin= 120.9 W. < 

COMMENTS: Radiation losses from the rods may be significant, particularly near the 
junction, thereby requiring a larger power input to maintain the junction at 650°C. 



PROBLEM 3.125 

KNOWN: Dimensions and end temperatures of pin fins. 

FIND: (a) Heat transfer by convection from a single fin and (b) Total heat transfer from a 1 
2 

m surface with fins mounted on 4mm centers. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction along rod, (3) Constant 
properties, (4) No internal heat generation, (5) Negligible radiation. 

PROPERTIES: Table A-l, Copper, pure (323K): k ~ 400 W/m-K. 

ANALYSIS: (a) By applying conservation of energy to the fin, it follows that 

Oconv = 0cond,i — Qcond,o 

where the conduction rates may be evaluated from knowledge of the temperature distribution. 
The general solution for the temperature distribution is 

0(x) = q e mx +C 2 e' mx fl^T-T^. 


The boundary conditions are 0(0) = 0 O = 100°C and 0(L) = 0. Hence 
0 o =Ci+C 2 

o = q e mL +C 2 ^ 


Therefore, 

Q = 


C 2 =Cj e 


2mL 


On 


1-e 


2mL ’ 


c 2 = e ° e 


2mL 


1-e 


2mL 


and the temperature distribution has the form 


9 = 


9 r 


1-e 


2mL 


„mx 2mL-mx 
e -e 


The conduction heat rate can be evaluated by Fourier’s law, 


, a dd 
Ocond _ kA c , _ 


kA P 0, 


c w o 


or, with m = (hP/kA c ) 


dx 

1/2 


1-e 


2mL 


m 


„mx . „2mL-mx 
e -l-e 


Ocond 


0 o (hPkA c ) 


1/2 


1-e 


2mL 


„mx . „2mL-mx 
e +e 


Continued 








Hence at x = 0, 


PROBLEM 3.125 (Cont.) 


Ocond.i 


1-e 


2mL 


M hpkA c)*( 2 f 1+e 2mLj 


at x = L 


9cond,o — 


0 o { hPkA c ) 


2mL 


1-e 

Evaluating the fin parameters: 


1/2 


m = 


(hPkA c ) 1/2 = 


" hP " 

1/2 

" 4h" 

1/2 

4x100 W/m 2 K 

1 

FT 

> 

0 

1 _ 


kD 


400 W/m- KxO.OOlm 


1/2 


= 31.62 m 


-1 


^D 3 hk 

4 


1/2 


7T n W W 

—x ( 0.00 lm f x 1 00 -x 400 - 

4 m 2 • K m K 


1/2 


W 

= 9.93x10 — 

K 


mL = 31.62 m" 1 x0.025m = 0.791, e 11 ^ = 2.204, 

The conduction heat rates are 

-100k(9.93x10' 3 W/k) 


; 2 mL = 4.855 


4cond,i — 


-3.865 


-X5.865 = 1.507 W 


f 9 - 


-100K 9.93x10° W/K 


Ocond.o — 0 o 

-i.oo5 

and from the conservation relation, 


-X4.408 = 1.133 W 


Oconv =1-507 W-1.133 W = 0.374 W. < 

(b) The total heat transfer rate is the heat transfer from N = 250x250 = 62,500 rods and the 

2 

heat transfer from the remaining (bare) surface (A = lm - NA C ). Hence, 

q = N q CO nd,i+ hA0 o =62,500 (1.507 W) + 100W/m 2 k(o. 951 m 2 ) 100K 

q = 9.42xl0 4 W+0.95X10 4 W=1.037xl0 5 W. 

COMMENTS: (1) The fins, which cover only 5% of the surface area, provide for more than 
90% of the heat transfer from the surface. 

(2) The fin effectiveness, e = q CO nd,i ^ 6A c d 0 ’ is £ = 192, and the fin efficiency, 

7 = (dconv 1 h7r DLe o)’ is 7 =0.48. 


(3) The temperature distribution, 0(x)/0 o , and the conduction term, q C ond,i> could have been 
obtained directly from Eqs. 3.77and 3.78, respectively. 

(4) Heat transfer by convection from a single fin could also have been obtained from Eq. 3.73. 



PROBLEM 3.126 


KNOWN: Pin fin of thermal conductivity k, length L and diameter D connecting two devices (Lg,kg) 
experiencing volumetric generation of thermal energy (q). Convection conditions are prescribed (Too, 
h). 


FIND: Expression for the device surface temperature in terms of device, convection and fin 
parameters. 


SCHEMATIC: 






| Pan h 

t //A 


Ss 


A - Pin fin,D,k 




“Symmetry condition, 


f insuiafed r, p 


ASSUMPTIONS: (1) Steady-state conditions, (2) Pin fin is of uniform cross-section with constant h, 
(3) Exposed surface of device is at a uniform temperature Tb, (4) Backside of device is insulated, (5) 
Device experiences 1-D heat conduction with uniform volumetric generation, (6) Constant properties, 
and (7) No contact resistance between fin and devices. 

ANALYSIS: Recognizing symmetry, the pin fin is modeled as a fin of length L/2 with insulated tip. 
Perform a surface energy balance, 


Ejn E out — 0 

qd-q s -qf=° (i) 

The heat rate q<j can be found from an 
energy balance on the entire device to find 

Ein — E out + Eg = 0 

-qd +qv = o 

qd = qA g Lg (2) 




The fin heat rate, qp follows from Case B, Table 3.4 

qf = M tanh mL/2 = (hPkA c (Tp -T^) tanh (mL/2), m = (hP/kA c 

P/A c =n V/(n D 2 m) = 4/D and PA C =tt 2 D 3 /4. 


(3,4) 

(5,6) 


Hence, the heat rate expression can be written as 


1/2 

qA g L g =h(A g -A c )(T b -T 00 ) + (hk^ 2 D 3 /4j) tanh 

Solve now for Tj,, 


6 4h 3 1/2 


V kD j 


L 


(Tb-Too) (7) 


Tb = + qAgLg / 


h (A g - A c ) + (hk( tt 2 D 3 /4)) 172 tanh 


6 4h 3 1/2 


V kD j 


L 


( 8 )< 









PROBLEM 3.127 


KNOWN: Positions of equal temperature on two long rods of the same diameter, but 
different thermal conductivity, which are exposed to the same base temperature and ambient 
air conditions. 

FIND: Thermal conductivity of rod B, kg. 

SCHEMATIC: 


T o =100 



ASSUMPTIONS: (1) Steady-state conditions, (2) Rods are infinitely long fins of uniform 
cross-sectional area, (3) Uniform heat transfer coefficient, (4) Constant properties. 


ANALYSIS: The temperature distribution for the infinite fin has the form 

- hp 11/2 

m = I 


6__ T(x)-T c 
0b 


T -T 

A oo 


00 _ p -mx 
— c 


kA r 


For the two positions prescribed, and xg, it was observed that 

t a( x a) = t b( x b) or 0 a( x a) = 0b( x b)- 


( 1 , 2 ) 


(3) 


Since 0|~> is identical for both rods, Eq. (1) with the equality of Eq. (3) requires that 
m A x A = m B x B 

Substituting for m from Eq. (2) gives 


hP 


-il/2 


^A^c 


X A 


hP 


nl/2 


kn A ; 


B rt c 


X B- 


Recognizing that h, P and A c are identical for each rod and rearranging, 


k B 



k A 


k B 


0.075m 

0.15m 


x70 W/mK = 17.5 W/mK. 


< 


COMMENTS: This approach has been used as a method for determining the thermal 
conductivity. It has the attractive feature of not requiring power or temperature 
measurements, assuming of course, a reference material of known thermal conductivity is 
available. 



PROBLEM 3.128 


KNOWN: Slender rod of length L with ends maintained at T 0 while exposed to convection 
cooling (Too < T 0 , h). 

FIND: Temperature distribution for three cases, when rod has thermal conductivity (a) k^, 
(b) kg < k^, and (c) k^ for 0 < x < L/2 and kg for L/2 < x < L. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant 
properties, and (4) Negligible thermal resistance between the two materials (A, B) at the mid¬ 
span for case (c). 


ANALYSIS: (a, b) The effect of thermal conductivity on the temperature distribution when 
all other conditions (T 0 , h, L) remain the same is to reduce the minimum temperature with 
decreasing thermal conductivity. Hence, as shown in the sketch, the mid-span temperatures 
are Tg (0.5L) < T y \ (0.5L) for kg < k^. The temperature distribution is, of course, 
symmetrical about the mid-span. 


(c) For the composite rod, the temperature distribution can be reasoned by considering the 
boundary condition at the mid-span. 


q;,A(o.5L) = q ;, B (o.5L) 


v dT 


/A,x=0.5L 
Since k\ > kg, it follows that 
( dT 3 ( dT ^ 


v dT 
= _kB ^ 


/B,x=0.5L 


dx 


;a,x=o.5l 


dx 


/B,x=0.5L 


%,d05L) j 


T(x) 


i 3Uo.sL) 


k 


k B < k A 


0.5L 


It follows that the minimum temperature in the rod must be in the kg region, x > 0.5L, and the 
temperature distribution is not symmetrical about the mid-span. 

COMMENTS: (1) Recognize that the area under the curve on the T-x coordinates is 
proportional to the fin heat rate. What conclusions can you draw regarding the relative 

magnitudes of qg n for cases (a), (b) and (c)? 

(2) If L is increased substantially, how would the temperature distribution be affected? 



PROBLEM 3.129 


KNOWN: Base temperature, ambient fluid conditions, and temperatures at a prescribed 
distance from the base for two long rods, with one of known thermal conductivity. 

FIND: Thermal conductivity of other rod. 

SCHEMATIC: 



■ Aluminum % k A = ZOOW/m-K 
(Standard material) 

(Test material) 


ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction along rods, (3) Constant 
properties, (4) Negligible radiation, (5) Negligible contact resistance at base, (6) Infinitely 
long rods, (7) Rods are identical except for their thermal conductivity. 

ANALYSIS: With the assumption of infinitely long rods, the temperature distribution is 


d b T b— T c 


or 


T-T 
In 


= -mx = 


T b-To< 
Hence, for the two rods, 


hP 

kA 


—il / 2 


In 

Ta “Too 

Tb -Too _ 

In 

T B “Too 

_Tb -Too 


K B 

k A 


1/2 


k 1/2 -k 1/2 
k B _K A 


In 

Ta “Too 

Tb “Too 

In 

T B “Too 

Tb -Too 


4 = ( 200 ) 


1/2 


In 

100-25 

In 

60-25 


100-25 


= 7.524 


k B =56.6 W/m-K. < 

COMMENTS: Providing conditions for the two rods may be maintained nearly identical, the 
above method provides a convenient means of measuring the thermal conductivity of solids. 



PROBLEM 3.130 


KNOWN: Arrangement of fins between parallel plates. Temperature and convection coefficient of 
air flow in finned passages. Maximum allowable plate temperatures. 

FIND: (a) Expressions relating fin heat transfer rates to end temperatures, (b) Maximum power 
dissipation for each plate. 


SCHEMATIC: 


P/a/e dimensions: 

D =100 mm x W=ZOO mm 
X t=lmm; Nf=S0 


£ 


T o =400K 


1Z mm < 3f 0 

i 

lot 

I %L- 

? 





~350K 


7^=300K, 

h=lSOW/m z -K 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in fins, (3) Constant 
properties, (4) Negligible radiation, (5) All of the heat is dissipated to the air, (6) Uniform h, (7) 

Negligible variation in Too, (8) Negligible contact resistance. 


PROPERTIES: Table A.l, Aluminum (pure), 375 K: k = 240 W/m-K. 

ANALYSIS: (a) The general solution for the temperature distribution in fin is 
0(x).T(x)-T oo =C 1 e mx +C 2 e- mx 

Boundary conditions: 0 (0) = 0 O = T 0 -T^, 0 (L) = = Tp -T^. 


Hence 


Hence 


0 o =C 1+ C 2 0 L =C 1 e mL + C 2 e- mL 

0 L =C 1 e mL +(0 o -C 1 )e- mL 


Q = 


0 L -0 o e 


-mL 


mL -mL 
e -e 


c 2 =e 0 


e L ~e 0 ^ e a ^-e L 

„mL „-mL „mL „-mL 
e -e e -e 


e(x): 


e L e”“ -e o e m < x - L ) +fl 0 e m ( L - x ) 


„mL „-mL 
e -e 


dr 


0(x) = 


e m(L-x)_ e -m(L-x) 


+ 0 L (e mx -e- mx ) 


„mL -mL 
e -e 


e(x) = 


0 o sinh m (L-x) + Opsinl! nix 


sinh mL 


The fin heat transfer rate is then 
. . dT 

q f = -kA c — = -kDt 
dx 


0 o m , / T x 0L m 
-cosh m(L-x) + - 


sinh mL 


sinh mL 


-cosh mx 


Hence 


q f o = kDt 


e o m 
tanh mL 


qf,L = kDt 


e o m 
sinh mL 


Sim " 
sinh mL 

tanh mL 


< 

< 


Continued 




PROBLEM 3.130 (Cont.) 


' hP ' 

1/2 

kA r 

V c J 



50 W/m 2 K(2x0.1 m+2x0.001 m) i 

---- = 35.5 m' 1 

240 W/m -KxO.l mxO.OOl m 


mL = 35.5 m" 1 xO.012 m = 0.43 

sinh mL = 0.439 tanh mL = 0.401 0 o =lOOK 6>L=50K 

Tjr 7l , {100 Kx35.5 m' 1 50 Kx35.5 m' 1 

qp n = 240 W/m KxO.l mxO.OOl m- 

1A ’ U A /IA1 A /122A 


qf C) = 115.4 W (from tli 

qf L = 240 W/m KxO.l mxO.OOl m 


^ 0.401 

(from the top plate) 


0.439 


100 Kx35.5 m" 1 50 Kx35.5 m' 1 


0.439 


0.401 


qf l = 87.8 W. (into the bottom plate) 

Maximum power dissipations are therefore 
9o,max = Nf qf iQ + (W — Nf t) Dh0 o 

Oo.max =50x115.4 W+(0.200-50x0.00l)mx0.1 mxl50 W/m 2 ■ KxlOO K 

q 0 ,max = 5770 W+225 W = 5995 W < 

9L,max = ~Nf qfjp + (W — Nf t)Dh0 o 

9L,max = -50x87.8W + (0.200-50x0.00l)mx0.1 mxl50 W/m 2 ■ Kx50 K 


: -4390 W+l 12W = -4278 W. 


COMMENTS: (1) It is of interest to determine the air velocity needed to prevent excessive heating of the air as 
it passes between the plates. If the air temperature change is restricted to ATqo = 5 K, its flowrate must be 


1717 W 


CpAToo 1007 J/kg ■ K x 5 K 

Its mean velocity is then 

v _ ri^air _ 0.34 kg/s 

v air ~ _ a “ 


0.34 kg/s. 


Pair A c 1.16 kg/nr xO.012 m(0.2-50x0.00l)m 


= 163 m/s. 


Such a velocity would be impossible to maintain. To reduce it to a reasonable value, e.g. 10 
m/s, A c would have to be increased substantially by increasing W (and hence the space 
between fins) and by increasing L. The present configuration is impractical from the 
standpoint that 1717 W could not be transferred to air in such a small volume. 


(2) A negative value of qL,max implies that heat must be transferred from the bottom plate to 
the air to maintain the plate at 350 K. 



PROBLEM 3.131 


KNOWN: Conditions associated with an array of straight rectangular fins. 
FIND: Thermal resistance of the array. 


SCHEMATIC: 



ASSUMPTIONS: (1) Constant properties, (2) Uniform convection coefficient, (3) Symmetry about 
midplane. 

ANALYSIS: (a) Considering a one-half section of the array, the corresponding resistance is 
Rt,o = (f?o hA t) 

where A t = NAf + A^ . With S = 4 mm and t = 1 mm, it follows that N = W,/S = 250, Af = 

2(L/2)W 2 = 0.008 m 2 , A b = W 2 (W, - Nt) = 0.75 m 2 , and A, = 2.75 m 2 . 

The overall surface efficiency is 


NA f , , 

'7 0 =1 - 

A t 

where the fin efficiency is 
tanhm(L/2) 


m = 


m 


(L/2) 


and 


m = 


hP 


xl/2 r 


V kA c ) 


h(2t + 2W 2 ) 


ktWo 


1/2 


"2h 

, kt 


\l/2 


= 38.7m 


-1 


With m(L/2) = 0.155, it follows that ?7 f = 0.992 and rj 0 = 0.994. Hence 


R 


t,0 


=(°. 


994x150W/m“ -Kx2.75m- 


r- 


2.44x10 3 K/W 


< 


(b) The requirements that t > 0.5 m and (S -1) > 2 mm are based on manufacturing and flow passage 
restriction constraints. Repeating the foregoing calculations for representative values of t and (S -1), 
we obtain 


S (mm) 

N 

t (mm) 

R«,o (K/W) 

2.5 

400 

0.5 

0.00169 

3 

333 

0.5 

0.00193 

3 

333 

1 

0.00202 

4 

250 

0.5 

0.00234 

4 

250 

2 

0.00268 

5 

200 

0.5 

0.00264 

5 

200 

3 

0.00334 


COMMENTS: Clearly, the thermal performance of the fin array improves (R t , 0 decreases) with 
increasing N. Because % ~ 1 for the entire range of conditions, there is a slight degradation in 
performance (R 1o increases) with increasing t and fixed N. The reduced performance is associated 

with the reduction in surface area of the exposed base. Note that the overall thermal resistance for the 

-2 

entire fin array (top and bottom) is R t 0 /2 = 1.22 x 10 K/W. 





PROBLEM 3.132 


KNOWN: Width and maximum allowable temperature of an electronic chip. Thermal contact 
resistance between chip and heat sink. Dimensions and thermal conductivity of heat sink. 
Temperature and convection coefficient associated with air flow through the heat sink. 

FIND: (a) Maximum allowable chip power for heat sink with prescribed number of fins, fin 
thickness, and fin pitch, and (b) Effect of fin thickness/number and convection coefficient on 
performance. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional heat transfer, (3) Isothermal chip, (4) 
Negligible heat transfer from top surface of chip, (5) Negligible temperature rise for air flow, (6) 
Uniform convection coefficient associated with air flow through channels and over outer surfaces of 
heat sink, (7) Negligible radiation. 

ANALYSIS: (a) From the thermal circuit, 

_ T c -T 00 _ T c - Too 

Rtot Rt,c+R t ,b+Rt,o 


where R t c = R' c /W 2 =2x 10 6 m 2 K/ W/(0.02m) 2 =0.005 K/W and R t b =L b /k(w 2 ) 
= 0.003m/180 w/m k( 0.02m) 2 =0.042 K/W. From Eqs. (3.103), (3.102), and (3.99) 


R t,o _ 


77 0 hA t 


77o=1_ ^ L ( 1_77 f )’ 


A t = NAf + A b 


where A f = 2WL f = 2 x 0.02m x 0.015m = 6 x 10' 4 m 2 and A b = W 2 - N(tW) = (0.02m) 2 - 11(0.182 
x 10~ 3 m x 0.02m) = 3.6 x 10" 4 m 2 . With mL f = (2h/kt) 1/2 L f = (200 W/m 2 -K/180 W/m-K x 0.182 x 
10 3 m) 1/2 (0.015m) = 1.17, tanh mLf = 0.824 and Eq. (3.87) yields 


tanh mLf 0.824 
rjf = - - =-= 0.704 


mLf 


1.17 


-3 2 


It follows that A t = 6.96 x 10 m , T| 0 = 0.719, R t>0 = 2.00 K/W, and 

(85-20)°C 


0c = 


(0.005+ 0.042+ 2.00) K/W 


= 31.8 W 


< 


(b) The following results are obtained from parametric calculations performed to explore the effect of 
decreasing the number of fins and increasing the fin thickness. 


Continued 





PROBLEM 3.132 (Cont.) 


N 

t(mm) 

ilf 

Rt.o (K/W) 

q c (W) 

A t (m ) 

6 

1.833 

0.957 

2.76 

23.2 

0.00378 

7 

1.314 

0.941 

2.40 

26.6 

0.00442 

8 

0.925 

0.919 

2.15 

29.7 

0.00505 

9 

0.622 

0.885 

1.97 

32.2 

0.00569 

10 

0.380 

0.826 

1.89 

33.5 

0.00632 

11 

0.182 

0.704 

2.00 

31.8 

0.00696 


Although rjf (and T| 0 ) increases with decreasing N (increasing t), there is a reduction in A t which 
yields a minimum in R t G , and hence a maximum value of q c , for N = 10. For N = 11, the effect of h 
on the performance of the heat sink is shown below. 


Heat rate as a function of convection coefficient (N=11) 



100 200 300 400 500 600 700 800 900 1000 
Convection coefficient, h(W/m2.K) 

With increasing h from 100 to 1000 W/m“ K, R t 0 decreases from 2.00 to 0.47 K/W, despite a 
decrease in T|f (and T| 0 ) from 0.704 (0.719) to 0.269 (0.309). The corresponding increase in q c is 
significant. 

COMMENTS: The heat sink significantly increases the allowable heat dissipation. If it were not 
used and heat was simply transferred by convection from the surface of the chip with h = 100 
W/m 2 -K, R tot = 2.05 K/W from Part (a) would be replaced by R cnv = 1/hW 2 = 25 K/W, yielding q c = 
2.60 W. 



PROBLEM 3.133 


KNOWN: Number and maximum allowable temperature of power transistors. Contact resistance 
between transistors and heat sink. Dimensions and thermal conductivity of heat sink. Temperature 
and convection coefficient associated with air flow through and along the sides of the heat sink. 

FIND: (a) Maximum allowable power dissipation per transistor, (b) Effect of the convection 
coefficient and fin length on the transistor power. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional heat transfer, (3) Isothermal transistors, (4) 
Negligible heat transfer from top surface of heat sink (all heat transfer is through the heat sink), (5) 
Negligible temperature rise for the air flow, (6) Uniform convection coefficient, (7) Negligible 
radiation. 


ANALYSIS: (a) From the thermal circuit, 

N t q t 


Tt 


(R tc ) ^^t b ^^t o 

v L ’ L 'equiv l ' D L '° 

For the array of transistors, the corresponding contact resistance is the equivalent resistance 
associated with the component resistances, in which case, 


7 equiv 


\~i-l 


( r «L = N t (l/R t ,c) " 1 =(9/0.045K/W)- 1 =5xl0- 3 K/W 


y~3 


The thermal resistance associated with the base of the heat sink is 


R 


t,b “ 


Lb 

k(W) 2 


0.006m 

180 W/m K(0.150m) 2 


1.48xl0~ 3 


K/W 


From Eqs. (3.103), (3.102) and (3.99), the thermal resistance associated with the fin array and the 
corresponding overall efficiency and total surface area are 

R t.o=—L-. ’Jo =1-^(1-%). A t =N f A f +A b 

77ohAt A t 

-3 2 

Each fin has a surface area of Af ~ 2 W Lf = 2 x 0.15m x 0.03m = 9x10 m , and the area of the 
exposed base is A b = W 2 - N f (tW) = (0.15m) 2 - 25 (0.003m x 0.15m) = 1.13 x 10" 2 m 2 WithmL f = 
(2h/kt) 1/2 L f = (200 W/m 2 K/180 W/m-K x 0.003m) 1/2 (0.03m) = 0.577, tanh mL f = 0.520 and Eq. 
(3.87) yields 


m 


_ tanh mL f _ 0-520 _ 0902 
mL f 0.577 


Hence, with A t = [25 (9 x 10' 3 ) + 1.13 x 10' 2 ]m 2 = 0.236m 2 , 


Continued 




PROBLEM 3.133 (Cont.) 


Vo 


25(0. 

= 1 - 5 — 


009m 2 ) 


(1-0.901) = 0.907 


0.236m 2 

R t , 0 = ( 0 .907x100 W/m 2 Kx0.236m 2 ) 1 =0.0467 K/W 


The heat rate per transistor is then 

1 (100-27)°C 


9t = 


= 152 W 


9 (0.0050 + 0.0015+ 0.0467)K/W 

(b) As shown below, the transistor power dissipation may be enhanced by increasing h and/or Lf. 



Convection coefficient, h(W/m A 2.K) 



However, in each case, the effect of the increase diminishes due to an attendant reduction in r|f. For 

2 

example, as h increases from 100 to 1000 W/m K for Lf = 30 mm, ip decreases from 0.902 to 0.498. 

COMMENTS: The heat sink significantly increases the allowable transistor power. If it were not 

2 2 2 

used and heat was simply transferred from a surface of area W = 0.0225 m with h = 100 W/m K, 

2 -1 

the corresponding thermal resistance would be R tcnv = (hW ) K/W = 0.44 and the transistor power 
would be q t = (T t - Too)/N t R t , cn v = 18.4 W. 





PROBLEM 3.134 


KNOWN: Geometry and cooling arrangement for a chip-circuit board arrangement. 
Maximum chip temperature. 

FIND: (a) Equivalent thermal circuit, (b) Maximum chip heat rate. 


SCHEMATIC: 


T n JSTC 


A b =k c -16A C f 


—> 
t z K—*> 


i 


Lf0.005m 
k b --lW/m-K 




£ 


Pins (W),D p -lSmm l L p -15mm 
T c --75% %,Ac--(0.01Z7mf 






ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer in chip¬ 
board assembly, (3) Negligible pin-chip contact resistance, (4) Constant properties, (5) 
Negligible chip thermal resistance, (6) Uniform chip temperature. 


PROPERTIES: Table A.l, Copper (300 K): k » 400 W/m-K. 
ANALYSIS: (a) The thermal circuit is 

1 



% ifaAc 4Mc WA 


Rf = 


0b 


cosh mL+(h 0 /mk)sinh mL 
l^Of 16(h 0 PkA c f |^ s i n h mL+(h 0 /mk)cosh mLj 


(b) The maximum chip heat rate is 
q c = 16q f +qb+4i- 
Evaluate these parameters 


m = 


h 0 P 


xl/2 


kA c f 

v ) 


( A 1/2 

4h„ 


kD p 

v v ) 


4x1000 W/m z K 


4/2 


400 W/m-Kx0.0015 m 

v ) 


= 81.7 m" 


mL = ^81.7 m"^ x0.015 mj = 1.23, sinhmL = 1.57, cosh mL = 1.86 
(h/mk): 


1000 W/m z ■ K 


=(' 


81.7 m' 1 x400 W/m-K 
4/2 


= 0.0306 


M = |h 0 k Dpk n D z /4 


) 1 / Z 

0 b 


M 


4/2 


1000 W/m 2 K^ 2 /4)(0.0015 m) 3 400 W/m-K (55°c) = 3.17 W. 


Continued 




The fin heat rate is 


PROBLEM 3.134 (Cont.) 


sinhmL+(h/mk)coshmL 1.57+0.0306x1.86 

qf =M-----= 3.17 W- 

cosh mL+(h/mk)sinh mL 1.86+0.0306x1.57 


q f = 2.703 W. 

The heat rate from the board by convection is 


q b = h o A b 0 b = 1000 W/m z ■ K 


(0.0127 m) 2 -(l6TT/4)(0.0015 m) 2 


55 C 


q b =7.32 W. 

The convection heat rate is 

T c - Too i (0.0127 m) 2 (55+) 

(l/hj + R bc + L b /k b )(l/ A c ) |l/40+10" 4 + 0.005/ljm 2 ■ K/W 

qj =0.29 W. 

Hence, the maximum chip heat rate is 

q c = [16 (2.703) + 7.32 + 0.29] W = [43.25 + 7.32 + 0.29] W 


q c = 50.9 W. < 

COMMENTS: (1) The fins are extremely effective in enhancing heat transfer from the chip 
(assuming negligible contact resistance). Their effectiveness is £ = q b Dp /4jh o 0 b = 2.703 
W/0.097 W = 27.8 

(2) Without the fins, q c = 1000 W/m“ K(0.0127 m)"'55°C + 0.29 W = 9.16 W. Hence the fins 
provide for a (50.9 W/9.16 W) x 100% = 555% enhancement of heat transfer. 

(3) With the fins, the chip heat flux is 50.9 W/(0.0127 m)" - or q£ = 3.16x10^ W/m 2 =31.6 
W/cmA 

(4) If the infinite fin approximation is made, q b = M = 3.17 W, and the actual fin heat transfer 
is overestimated by 17%. 



PROBLEM 3.135 

KNOWN: Geometry of pin fin array used as heat sink for a computer chip. Array convection and chip 
substrate conditions. 


FIND: Effect of pin diameter, spacing and length on maximum allowable chip power dissipation. 

SCHEMATIC: 

Physical System: 

x Copper (k = 400 W/m*K) 


T n = 20 °C —* 

h Q = 250 W/m 2 -K_„ 


- Pins ( N ), D p , L p 

-T c = 75 °C, q c , A c = (0.0127 m) 2 



K/W 


Thermal Circuit: 

T„; T T 0 

Vt 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer in chip-board 
assembly, (3) Negligible pin-chip contact resistance, (4) Constant properties, (5) Negligible chip thermal 
resistance, (6) Uniform chip temperature. 




A t = NA f +A b 

A f = 7rD p L c =7TD p (L p +D p /4) 

Subject to the constraint that N l/2 D p < 9 mm, the foregoing expressions may be used to compute q t as a 
function of D p for L p = 15 mm and values of N = 16, 25 and 36. Using the IHT Performance 
Calculation , Extended Surface Model for the Pin Fin Array, we obtain 


Continued... 


PROBLEM 3.135 (CONT.) 



-e— N - 36 
—&— N = 25 

-e- N = 16 

Clearly, it is desirable to maximize the number of pins and the pin diameter, so long as flow passages are 
not constricted to the point of requiring an excessive pressure drop to maintain the prescribed convection 
coefficient. The maximum heat rate for the fin array (q t = 33.1 W) corresponds to N = 36 and D p = 1.5 

mm. Further improvement could be obtained by using N = 49 pins of diameter D p = 1.286 mm, which 
yield q t = 37.7 W. 

Exploring the effect of Lp for N = 36 and D p = 1.5 mm, we obtain 


s 

O" 

6 

05 


10 20 30 40 50 

Pin length, Lp(mm) 

- N = 36, Dp = 1.5 mm 

Clearly, there are benefits to increasing Lp, although the effect diminishes due to an attendant reduction 
in Tjf (from 7]f = 0.887 for Lp = 15 mm to 7)f = 0.471 for L p = 50 mm). Although a heat dissipation 
rate of q t = 56.7 W is obtained for Lp = 50 mm, package volume constraints could preclude such a 
large fin length. 

COMMENTS: By increasing N, Dp and/or Lp , the total surface area of the array, A t , is increased, 
thereby reducing the array thermal resistance, R t 0 . The effects of Dp and N are shown for Lp = 15 
mm. 




—N = 25 
-a- N = 36 






PROBLEM 3.136 


KNOWN: Copper heat sink dimensions and convection conditions. 


FIND: (a) Maximum allowable heat dissipation for a prescribed chip temperature and interfacial 
chip/heat-sink contact resistance, (b) Effect of fin length and width on heat dissipation. 


SCHEMATIC: 


W c - 16 mm 


-4- 


lo 


R 


t,o 


J 

S 

L 


R 


cond,b 


R. 


t,c 


V 




Copper 
heat sink 
(k = 400 W/m-K) 



R"t c = 5 x 10' 6 m 2 -K/W 



T 

L r 

1 



T 


- 3mm 


fr\ r * Oc r * 'rC r * 'If f * 'rC 1 

'•"“'c <<*', r , ^ Chip (T c = 85 °C) 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer in chip-heat sink 
assembly, (3) Constant k, (4) Negligible chip thermal resistance, (5) Negligible heat transfer from 
back of chip, (6) Uniform chip temperature. 


ANALYSIS: (a) For the prescribed system, the chip power dissipation may be expressed as 
4c = 


T -T 
A c 


R t,c + R cond,b + R t,o 

R tc 5xlO“ 6 m 2 K/W , 

where R t c =—— =-= 0.0195 K/W 


Wf 


(0.016m)' 


R 


0.003m 


cond.b 


kW c 2 400 W/mK (0.016m) 2 
The thermal resistance of the fin array is 

R t,o = (^ohA-t) 

NA f 


= 0.0293 K/W 


where J] 0 =1- 


(1-Vf) 


and A t =NA f +A b =N(4wL c ) + (w 2 -Nw 2 ) 
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PROBLEM 3.136 (Cont.) 


With w = 0.25 mm. S = 0.50 mm, Lf = 6 mm, N = 1024, and L c = Lf + w/4 = 6.063x10 2 m, it 
follows that Af =6.06x10 ^ and A t =6.40x10 2 mA The fin efficiency is 
tanh niL,. 

m =— r - 9 - 

mL c 

where m = (hP/kA c )^ 2 = (4h/kw = 245 m 1 and mL c = 1.49. It follows that 7]f = 0.608 and 
T] 0 = 0.619, in which case 

R t ,o = |o.619xl500w/m 2 ■ Kx6.40xl0 -3 m 2 ) = 0.168K/W 

and the maximum allowable heat dissipation is 


(85-25)°C 

qc _ (0.0195+ 0.0293 + 0.168)K/W 


= 276W 


(b) The IHT Performance Calculation, Extended Surface Model for the Pin Fin Array has been used 
to determine q c as a function of Lf for four different cases, each of which is characterized by the 
closest allowable fin spacing of (S - w) = 0.25 mm. 


Case 

w (mm) 

S (mm) 

N 

A 

0.25 

0.50 

1024 

B 

0.35 

0.60 

711 

C 

0.45 

0.70 

522 

D 

0.55 

0.80 

400 



• w = 0.25 mm, S = 0.50 mm, N =1024 

—©— w = 0.35 mm, S = 0.60 mm, N = 711 

—A— w = 0.45 mm, S = 0.70 mm, N = 522 

—— w = 0.55 mm, S = 0.80 mm, N = 400 


With increasing w and hence decreasing N, there is a reduction in the total area A t associated with 
heat transfer from the fin array. However, for Cases A through C, the reduction in A t is more than 
balanced by an increase in 7]f (and 77 0 ), causing a reduction in R t 0 and hence an increase in q c . 
As the fin efficiency approaches its limiting value of r/f =1, reductions in A t due to increasing w 
are no longer balanced by increases in 7]f , and q c begins to decrease. Hence there is an optimum 
value of w, which depends on Lf . For the conditions of this problem, Lf = 10 mm and w = 0.55 
mm provide the largest heat dissipation. 





Problem 3.137 


KNOWN: Two finned heat sinks, Designs A and B, prescribed by the number of fins in the array, N, 
fin dimensions of square cross-section, w, and length, L, with different convection coefficients, h. 

FIND: Determine which fin arrangement is superior. Calculate the heat rate, q f , efficiency, %, and 
effectiveness, Ej, of a single fin, as well as, the total heat rate, q t , and overall efficiency, T| 0 , of the 
array. Also, compare the total heat rates per unit volume. 

SCHEMATIC: 

h-53 mm- *\ 



Fin dimensions 


Cross section Length 

Design w x w (mm) L (mm) 

A lxl 30 

B 3x3 7 


Number of 
fins 
6x9 
14 x 17 


Convection 

coefficient 


(W/nr-K) 

125 

375 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in fins, (3) 
Convection coefficient is uniform over fin and prime surfaces, (4) Fin tips experience convection, 
and (5) Constant properties. 

ANALYSIS: Following the treatment of Section 3.6.5, the overall efficiency of the array, Eq. (3.98), 
is 


C 1 max hA t @t) 


where A t is the total surface area, the sum of the exposed portion of the base (prime area) plus the fin 
surfaces, Eq. 3.99, 


A t = N- A f + A b 

(2) 

where the surface area of a single fin and the prime area are 


A f =4(LxW) + w 2 

(3) 

A b =blxb2-N ■ A c 

(4) 

Combining Eqs. (1) and (2), the total heat rate for the array is 


q t = Nr/fhAf0 b + hA b 0 b 

(5) 


where % is the efficiency of a single fin. From Table 4.3, Case A, for the tip condition with 
convection, the single fin efficiency based upon Eq. 3.86, 


m 


qf 

hAf0 b 


( 6 ) 
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PROBLEM 3.137 (Cont.) 


where 


qf = M 


sinh(mL) + (h/mk)cosh(mL) 
cosh(mL) + (h/mk) sinh(mL) 


(7) 


M = (hPkA c ) 1/2 0 b m = (hP/kA c ) 1/2 P = 4w 
The single fin effectiveness, from Eq. 3.81, 


A c =w 2 (8,9,10) 


e f 


Of 

hA c 0 b 


( 11 ) 


Additionally, we want to compare the performance of the designs with respect to the array volume, 
vol 


qf = qf/ v =qf/( blb2L ) (12) 

The above analysis was organized for easy treatment with equation-solving software. Solving Eqs. 

(1) through (11) simultaneously with appropriate numerical values, the results are tabulated below. 


Design 

q t 

qf 

Bo 

% 

£ f 

q"' 


(W) 

(W) 




(W/m 3 ) 

A 

113 

1.80 

0.804 

0.779 

31.9 

1.25X10 6 

B 

165 

0.475 

0.909 

0.873 

25.3 

7.81X10 6 


COMMENTS: (1) Both designs have good efficiencies and effectiveness. Clearly, Design B is 
superior because the heat rate is nearly 50% larger than Design A for the same board footprint. 
Further, the space requirement for Design B is four times less (V = 2.12x10" vs. 9.06x10" m ) and 
the heat rate per unit volume is 6 times greater. 

(2) Design A features 54 fins compared to 238 fins for Design B. Also very significant to the 
performance comparison is the magnitude of the convection coefficient which is 3 times larger for 
Design B. Estimating convection coefficients for fin arrays (and tube banks) is discussed in Chapter 
7.6. Of concern is how the fins alter the flow past the fins and whether the convection coefficient is 
uniform over the array. 

(3) The IHT Extended Surfaces Model , for a Rectangular Pin Fin Array could have been used to solve 
this problem. 



PROBLEM 3.138 


KNOWN: Geometrical characteristics of a plate with pin fin array on both surfaces. Inner and outer 
convection conditions. 

FIND: (a) Heat transfer rate with and without pin fin arrays, (b) Effect of using silver solder to join the 
pins and the plate. 


SCHEMATIC: 


N = 400 copper pins 
on 160 mm x 160 mm 
copper plate (both sides) 


*V= 0 ^ 

(integral machining) 
or 

Rtc " =5 x 10" 6 m 2 -K/w 
(silver solder) 


7^ = 20 °C 
h°’= 100 W/m 2 -K 


-I l<— Dp = 4 mm 


Lp = 20 mm 


L w = 5 mm 


r,o(c)o 


t,o(c)/ 


-* T, ,■ = 65 °C 

* h°= 5 W/m 2 -K 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant k, (3) Negligible radiation. 
PROPERTIES: Table A-1: Copper, T ~ 315 K, k = 400 W/m-K. 

ANALYSIS: (a) The heat rate may be expressed as 
T • -T 

A oo I A oo O 


where 


R t,o(c),i +R w +R t,o(c),o 


R t,o(c) — (^o(c)^t) ’ 


A t = NAf + A^, 

Af =7rD p L c ~7rD p (L + D/4), 


Au = W - NA n u = W -N 


KA). 


tanh mL,. 


/ , \l/2 

m = (4h / /kD p ) 


Continued... 



PROBLEM 3.138 (Cont.) 


Ci l + ^fhAf (Rt, c /A c , 

and 

p - 

— 9 • 

W K 

Calculations may be expedited by using the IHT Performance Calculation, Extended Surface Model for 
the Pin Fin Array. For R[ c = 0. C, = 1, and with W = 0.160 m, R w = 0.005 m/(0.160 m) 2 400 W/m-K = 

4.88 X 10 4 K/W. For the prescribed array geometry, we also obtain A c b = 1.26 x 10 5 m 2 , Af = 2.64 x 
10 4 m 2 , A b = 2.06 x 10 2 m 2 , and A, = 0.126 m 2 . 

On the outer surface, where h G = 100 W/m 2 K, m = 15.8 m', rif = 0.965, r( 0 = 0.970 and R t 0 = 0.0817 
K/W. On the inner surface, where hj = 5 W/m 2 K, m = 3.54 m" 1 , r/f = 0.998, tj Q = 0.999 and R t 0 = 
1.588 K/W. 


Hence, the heat rate is 


q = 


(65-20)° C 




a-4 


= 26.94W 


.588 + 4.88x10 "+0.0817JK/W 
Without the fins, 


q : 


T • -T 

x oo 1 A oo O 


(65-20)°C 


(l/hiA w ) + Rw+(l/h 0 A w ) ( 7 . 


81 + 4.88x10 4 +0.39 


= 5.49W 


Hence, the fin arrays provide nearly a five-fold increase in heat rate. 


< 


< 


(b) With use of the silver solder, 77 0 ( c ) 0 = 0.962 and R t , o(c) ,o =0.0824 K/W. Also, 7] o(c))i =0.998 
and R t ,o(c),i = 1-589 K/W. Hence 


(65-20)° C 


(>■ 


589 + 4.88xl0 -4 +0.0824IK/W 


26.92W 


Hence, the effect of the contact resistance is negligible. 


< 


COMMENTS: The dominant contribution to the total thermal resistance is associated with internal 
conditions. If the heat rate must be increased, it should be done by increasing hi. 



PROBLEM 3.139 

KNOWN: Long rod with internal volumetric generation covered by an electrically insulating sleeve and 
supported with a ribbed spider. 

FIND: Combination of convection coefficient, spider design, and sleeve thermal conductivity which 
enhances volumetric heating subject to a maximum centerline temperature of 100°C. 

SCHEMATIC: 




q R sleeve ^ hub ^ t,o 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial heat transfer in rod, sleeve 
and hub, (3) Negligible interfacial contact resistances, (4) Constant properties, (5) Adiabatic outer 
surface. 


ANALYSIS: The system] 


/ _ • /_ 2 \ __ Tj -Tqq _ 

q ^ R'sleeve+Rhub+R'co 


where 


Sleeve = R'hub = ^73^ = 3.168x 1CTVK/W, R' t>0 = ‘ 


2?rko 


27rk r 


77 0 hA' t ’ 


Vo 


A' f =2(r 3 -r 2 ), A' t = NAf + {2m 3 -Nt), 
A t 


tanhm(ra-ro) . . .]/? 

»?f=- 7 V3 ph m = (2h/k r t) 1 ' 2 

m ( r 3 “ r 2) 

The rod centerline temperature is related to T i through 


T o =T(0) = T 1 + 


grp 

4k 


Calculations may be expedited by using the IHT Performance Calculation, Extended Surface Model for 
the Straight Fin Array. For base case conditions of k s = 0.5 W/m-K, h = 20 W/m” K, t = 4 mm and N = 
12, Rsleeve = °-°580 m-KAV, R' t o = 0.0826 m-KAV, % = 0.990, q' = 387 W/m, and q = 1.23 X 10 6 

W/m . As shown below, q may be increased by increasing h, where h = 250 W/nr-K represents a 
reasonable upper limit for airflow. However, a more than 10-fold increase in h yields only a 63% 
increase in q. 


Continued... 




PROBLEM 3.139 (Cont.) 



- t = 4 mm, N = 12, ks = 0.5 W/m.K 


The difficulty is that, by significantly increasing h, the thermal resistance of the fin array is reduced to 
0.00727 m-K/W, rendering the sleeve the dominant contributor to the total resistance. 


Similar results are obtained when N and t are varied. For values of t = 2, 3 and 4 mm, variations of N in 
the respective ranges 12 < N < 26, 12 < N < 21 and 12 < N < 17 were considered. The upper limit on N 
was fixed by requiring that (S -1) > 2 mm to avoid an excessive resistance to airflow between the ribs. 
As shown below, the effect of increasing N is small, and there is little difference between results for the 
three values of t. 

E 

3 



-®— t = 2 mm, N: 12 - 26, h = 250 W/m A 2.K 
-e— t = 3mm, N: 12-21, h = 250 W/m A 2.K 
-e— t = 4 mm, N: 12 -17, h = 250 W/m A 2.K 


In contrast, significant improvement is associated with changing the sleeve material, and it is only 
necessary to have k s ~ 25 W/m-K (e.g. a boron sleeve) to approach an upper limit to the influence of k s . 



Sleeve conductivity, ks(W/m.K) 

- t = 4 mm, N = 12, h = 250 W/m A 2.K 

2 

For h = 250 W/m” K and k s = 25 W/m-K, only a slight improvement is obtained by increasing N. Hence, 
the recommended conditions are: 

h = 250w/m“ • K, k s =25W/m-K, N = 12, t = 4mm < 


COMMENTS: The upper limit to q is reached as the total thermal resistance approaches zero, in which 
caseTi^T^. Hence q max = 4k (T () — T^ ) j Vq = 4.5x10^ w/m^ . 





PROBLEM 3.140 


KNOWN: Geometrical and convection conditions of internally finned, concentric tube air heater. 
FIND: (a) Thermal circuit, (b) Heat rate per unit tube length, (c) Effect of changes in fin array. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer in radial direction, (3) 
Constant k, (4) Adiabatic outer surface. 

ANALYSIS: (a) For the thermal circuit shown schematically, 

R conv,i = (hi ) •> R cond = b* ( r 2 / r l )/2?rk , and ^t,o = (^o^o^t ) > 

where 

NAf / s , , . , , , . tanhmL 

ri 0 =l -— L (l-t? f ), A f =2L = 2(r 3 -r 2 ), A t = NA f + (2;rr 2 - Nt), and rj f =---. 

A t mL 


(b) 


q = 


(t^ j -T^ o) 


R conv,i R cond + R t,o 


Substituting the known conditions, it follows that 


R conv,i =(5000w/nr 2 • Kx2^x0.013nr) 1 = 2.45xl0“ 3 nr K/W 
R cond = ln (0.016m/0.013m )jin (20 W/m • K) = 1,65xl0“ 3 m • K/W 
R t,o = (o.575 x 200 w/nr 2 Kx0.461nr) 1 = 18.86xl0“ 3 nr-K/W 


where TJf = 0.490. Hence, 


(90-25)° C 

(2.45 + 1.65 + 18.86)xlO“ 3 m • K/W 


2831 W/m 


< 


(c) The small value of Tjf suggests that some benefit may be gained by increasing t, as well as by 

increasing N. With the requirement that Nt < 50 mm, we use the IHT Performance Calculation , 
Extended Surface Model for the Straight Fin Array to consider the following range of conditions: t = 2 
mm, 12 < N < 25; t = 3 mm, 8 < N < 16; t = 4 mm, 6 < N < 12; t = 5 mm, 5 < N < 10. Calculations based 
on the foregoing model are plotted as follows. 


Continued... 


PROBLEM 3.140 (Cont.) 



• t = 2 mm 
o t = 3 mm 
—a— t = 4 mm 
—a— t = 5 mm 


By increasing t from 2 to 5 mm, l]f increases from 0.410 to 0.598. Hence, for fixed N, q increases 
with increasing t. However, from the standpoint of maximizing q[ , it is clearly preferable to use the 
larger number of thinner fins. Hence, subject to the prescribed constraint, we would choose t = 2 mm 
and N = 25, for which q' = 4880 W/m. 


COMMENTS: (1) The air side resistance makes the dominant contribution to the total resistance, and 
efforts to increase q by reducing R j Q are well directed. (2) A fin thickness any smaller than 2 mm 
would be difficult to manufacture. 




PROBLEM 3.141 

KNOWN: Dimensions and number of rectangular aluminum fins. Convection coefficient with and without fins. 


FIND: Percentage increase in heat transfer resulting from use of fins. 

SCHEMATIC: 



N=ZSOnj- 1 
W= width 

hyv =30 VSl/m*-K(with fins) 
h wo -4-0 N/m^ Kfwithoui fins ) 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, (4) 
Negligible radiation, (5) Negligible fin contact resistance, (6) Uniform convection coefficient. 

PROPERTIES: Table A-l, Aluminum, pure: k = 240 W/m-K. 


ANALYSIS: Evaluate the fin parameters 
L c = L+t/2 = 0.05025m 

A p = L c t = 0.05025mx0.5xl0' 3 m=25.13xl0' 6 m 2 


1/2 

L 3/2 (h w /kA p ) = (0.05025m) 


\3/2 


30 W/m z ■ K 


240W/mKx25.13xl0' 6 m 2 


1/2 



(hw/kAp) 


1/2 


0.794 


It follows from Fig. 3.18 that T|f ~ 0.72. Hence, 

Of = k?f0max = 0.72 h w 2wL 6 b 

q f =0.72x30 W/m 2 ■ Kx2x0.05mx(w B b ) = 2.16 W/m-K(w 0 b ) 

With the fins, the heat transfer from the walls is 

q w =Nqf+( 1 -Nt)wh w 0 b 

q w = 250x2.16—(w 0 b ) + (lm-25Ox5xlO“ 4 m)x3O W/m 2 K (w 0 b ) 
m-K V ' 

W 

q w = (540 + 26.3)-(w 0 b ) = 566 w 0 b . 

m ■ K 


Without the fins, q wo = h wo lm x w 0 b = 40 w 0 b . Hence the percentage increase in heat 
transfer is 


Qw Qwo 
9 wo 


(566-40) w 6 b 
40 w 6 b 


= 13.15 = 1315% 


< 


1/2 

COMMENTS: If the infinite fin approximation is made, it follows that qp = (hPkA c ) 0 b 

=[h w 2wkwt] 0 b = (30 x 2 x 240 x 5x10 w 0 b = 2.68 w 0 b . Hence, qp is 
overestimated. 




PROBLEM 3.142 


KNOWN: Dimensions, base temperature and environmental conditions associated with rectangular and 
triangular stainless steel fins. 


FIND: Efficiency, heat loss per unit width and effectiveness associated with each fin. 
SCHEMATIC: 


T b = 100°C 



T b = 100°C 



^oo=20°C 

h = 75 W/m 2 *K 


L = 20mm 
t - 6mm 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, 
(4) Negligible radiation, (5) Uniform convection coefficient. 

PROPERTIES: Table A-l, Stainless Steel 304 (T = 333 K): k = 15.3 W/m-K. 

ANALYSIS: For the rectangular fin, with L c = L + t/2, evaluate the parameter 


L^ /2 (h/kA p ) i/Z = (0.023m) 


1/2 


A/2 


75W/m z K 


1/2 


= 0 . 66 . 


15.3 W/m- K(0.023m)(0.006m) 

i_ 

Hence, from Fig. 3.18, the fin efficiency is 

rjf » 0.79 < 

From Eq. 3.86, the fin heat rate is qf = Vjf hAf 0 b = l]f hPL c 6 b = l]f H2wL c 6 b or, per unit width. 


Of 


q f =^ = 0.79(75w/m 2 K)2(0.023m)80°C = 218W/m. 


From Eq. 3.81, the fin effectiveness is 

Of Of x w 

£ f =---- 


218 W/m 


hA c,b 0 b h(txw)0 b 75 w/ m 2 ■ K(0.006m)80°C 
For the triangular fin with 


= 6.06. 


< 

< 


L 2/2 (h/kA p ) 1/2 = (0.02 m) 

find from Figure 3.18, 

Vf » 0.78, 

From Eq. 3.86 and Table 3.5 find 


\3/2 


75 W/m K 


(l5.3W/m-K)(0.020m)(0.003m) 


1/2 


■ 0 . 81 , 


qf =7 7fhAf0 b =77fh2 


L 2 + (t/2)" 


-il/2 


% 


q b = 0.78x75 W/ m" ■ Kx2 


(0.02) 2 +(0.006/2) 2 


1/2 


m 


( 80 °c) = 187W/m. 


and from Eq. 3.81, the fin effectiveness is 


£f = qfXW - 


187 W/m 


h(txw)0 b 75w/m 2 K(0.006m)80°C 


= 5.19 


COMMENTS: Although it is 14% less effective, the triangular fin offers a 50% weight savings. 



PROBLEM 3.143 


KNOWN: Dimensions, base temperature and environmental conditions associated with a triangular, 
aluminum fin. 


FIND: (a) Fin efficiency and effectiveness, (b) Heat dissipation per unit width. 


SCHEMATIC: 


t = 2mm 


T b = 250 °C - 
w = Fin width 


\\*-L = 6mm -»• 


T= 20 °C 
h - 40 W/m 2 *K 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, 
(4) Negligible radiation and base contact resistance, (5) Uniform convection coefficient. 

PROPERTIES: Table A-l, Aluminum, pure (T ~ 400 K): k = 240 W/m- K. 


ANALYSIS: (a) With L c = L = 0.006 m, find 


A p = Lt/2 = (0.006m)(0.002m)/2 = 6x10 6 m 2 , 


Lc /2 (h/kA p ) 1/2 = (0.006 m) 3 


and from Fig. 3.18, the fin efficiency is 


40 W/m • K 
240 W/m Kx6xlO -6 m 2 


= 0.077 


Tjf ~ 0.99. 

From Eq. 3.86 and Table 3.5, the fin heat rate is 


r 2 2 i 1/2 

4f = ^7f 9max = ^7fftri)^b = hw L +(t/2) 9 b 


From Eq. 3.81, the fin effectiveness is 


h^c.b^b 


r -,1/2 r -|1 

2r/ f hw L 2 +(t/2) 2 ~ 9 h 2 r/ f L 2 +(t/2) 2 

g(wt)e b t 


2x0.99 (0.006) 2 + (0.002/2) 2 1 


0.002 m 


(b) The heat dissipation per unit width is 


= 6.02 


r 9 ?i 1/2 

qf = (qf / w ) = 2t? f h |^L +(t/2) J 9 h 

/ ~ r 9 9 ^^ /,2 ^ 

qf =2x0.99x40 W/m -K (0.006) +(0.002/2) mx(250-20)° C = 1 10.8 W/m. < 

COMMENTS: The triangular profile is known to provide the maximum heat dissipation per unit fin 


mass. 



PROBLEM 3.144 


KNOWN: Dimensions and base temperature of an annular, aluminum fin of rectangular profile. 
Ambient air conditions. 

FIND: (a) Fin heat loss, (b) Heat loss per unit length of tube with 200 fins spaced at 5 mm increments. 

SCHEMATIC: 

i__ 

-Aluminum 


T b = 250°C" 


N’ = 200 fins/m 


]^ = 1 


mm 


-L = 10 mm 


■*1 


^ = 12.5mm 


T= 25 °C 
h = 25 W/m 2 *K 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, 
(4) Negligible radiation and contact resistance, (5) Uniform convection coefficient. 

PROPERTIES: Table A-l, Aluminum, pure (T ~ 400 K): k = 240 W/m K. 

ANALYSIS: (a) The fin parameters for use with Figure 3.19 are 

r2 c = ^2 +1/2 = (12.5 mm+ 10 mm)+ 0.5 mm = 23 mm = 0.023 m 

r 2c/ r l =1-84 L c = L + 1/2 = 10.5 mm = 0.0105 m 

Ap = L c t = 0.0105mx0.001m = 1.05x10m 2 


L^ /2 (h/kA p ) i/Z = (0.0105 m) 


1/2 


\3/2 


25 W/m z ■ K 


\l/2 


240W/m■ Kx 1.05x10 5 m 2 


= 0.15 


Hence, the fin effectiveness is r) f ~ 0.97, and from Eq. 3.86 and Fig. 3.5, the fin heat rate is 
Of =7 7f c lmax = OfhAf(aim fib = 2^7f^( r 2, c ~ r l )^b 


q f = 2^x0.97x25 W/m 2 Kx (0.023m) 2 -(0.0125m) 


225°C = 12.8 W. 


(b) Recognizing that there are N = 200 fins per meter length of the tube, the total heat rate considering 
contributions due to the fin and base (unfinned surfaces is 

q' = N'qf + h (l - N't) 2 

q = 200 nT 1 x 12.8 W + 25 w/m 2 ■ K(l - 200m -1 x0.001 m)x 2n x(0.0125 m)225°C 

q' = (2560 W + 353 W)/m = 2.91kW/m . < 

COMMENTS: Note that, while covering only 20% of the tube surface area, the tubes account for more 
than 85% of the total heat dissipation. 




PROBLEM 3.145 


KNOWN: Dimensions and base temperature of aluminum fins of rectangular profile. Ambient air 
conditions. 

FIND: (a) Fin efficiency and effectiveness, (b) Rate of heat transfer per unit length of tube. 
SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction in fins, (3) 
Constant properties, (4) Negligible radiation, (5) Negligible base contact resistance, (6) Uniform 
convection coefficient. 

PROPERTIES: Table A-l, Aluminum, pure (T ~ 400 K): k = 240 W/m-K. 

ANALYSIS: (a) The fin parameters for use with Figure 3.19 are 

r 2c = r 2 +1/2 = 40 mm + 2 mm = 0.042 m L c = L +1/2 = 15mm + 2 mm = 0.017 m 


r 2c /r, = 0.042 m/0.025 m = 1.68 
Lc /2 (h/kA p ) 1/2 =(0.017 m) 3/2 


A p = L c t = 0.017mx0.004m = 6.8x10 


-5 


40W/m 2 • K/240W/m• Kx6.8x 10 5 m 2 


-il/2 


= 0.11 


The fin efficiency is % = 0.97. From Eq. 3.86 and Fig. 3.5, 


Of Of 0 max Of h^f (ann)^b 27TPf h 


2 2 
r 2c " r l 


q f = 2^x0.97x40 W/ m“ ■ K 


(0.042)“ -(0.025)' 


m“xl80 C = 50W 


From Eq. 3.81, the fin effectiveness is 


e f = 


Of 

hAc,b^b 


_50W_ 

40 w/m 2 K 2n (0.025 m) (0.004m)l80°C 


11.05 


(b) The rate of heat transfer per unit length is 
q' = N'q f +h(l-N / t)(2;rr 1 )e b 

q = 125x50 W/m + 40 w/m 2 • K (l —125 x 0.004) (2;r x 0.025 m)xl80°C 
q = (6250 + 565) W/m = 6.82 kW/m 

COMMENTS: Note the dominant contribution made by the fins to the total heat transfer. 




PROBLEM 3.146 

KNOWN: Dimensions, base temperature, and contact resistance for an annular, aluminum fin. Ambient 
fluid conditions. 

FIND: Fin heat transfer with and without base contact resistance. 


SCHEMATIC: 


w 


r, = 15mm 
T w = 100°C- 


•-AA/vV^^-AVvV"- 


K t,c 




Vf 


R" tc = 2x'\ 0' 4 m 2 -K/W 



si 

4 


-/-=15mm->| |^ / f-2mm 


7^= 25 °C 
h -75 W/m 2 >K 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction, (3) Constant properties, 
(4) Negligible radiation, (5) Uniform convection coefficient. 


PROPERTIES: Table A-l, Aluminum, pure (T ~ 350 K): k = 240 W/m-K. 


ANALYSIS: With the contact resistance, the fin heat loss is qf = ——-— where 

R t,c +R f 

R t,c = R t,c / A b = 2x 10“ 4 m 2 • K/w/ 27T (0.015 m) (0.002 m) = 1.06 K/W . 

From Eqs. 3.83 and 3.86, the fin resistance is 

R °b °b °b 1 

Of OfOmax t/|4iA|41h 2nhrif fr 2 c - r 2 j 

Evaluating parameters, 

r 2 c = r 2 + 1/2 = 30 mm + 1mm = 0.031m L c = L +1/2 = 0.016 m 


r 2c/ r l =0.03 1 /0.0!5 = 2.07 Z 


Ap = L c t = 3.2x10 5 m“ 


^c /2 (h/kA p ) 1/2 =(0.016m) 3/2 


75 W/m 2 • K/240 W/m- Kx3.2x10 5 m 2 


-il/2 


= 0.20 


find the fin efficiency from Figure 3.19 as % = 0.94. Hence, 

Rf = 


Of 


2^75 w/m 2 k) 0.94 (0.031m) 2 -(0.015m) : 
(100-25)° C 


T = 3.07 K/W 


= 18.2 W. 


(1.06+ 3.07) K/W 
Without the contact resistance, T w = T b and 


Of 


% 

Rf 


75° C 


3.07 K/W 


■ = 24.4 W . 


< 

< 


COMMENTS: To maximize fin performance, every effort should be made to minimize contact 
resistance. 




PROBLEM 3.147 


KNOWN: Dimensions and materials of a finned (annular) cylinder wall. Heat flux and 
ambient air conditions. Contact resistance. 

FIND: Surface and interface temperatures (a) without and (b) with an interface contact 
resistance. 


SCHEMATIC: 

J -r;= 60 mm> y. 1 f 

\~r 1 =66mm -> t> \ | 

ri=70mm - >1 ' Aluminum, 

EA-^* 5 ** >1 k-ZtOW/n-K 


TTt£ 


= 3ZOK 


h=100Wjm z K 




%“=10 s VllmZ R c R tc R w LwwJ 

ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Constant properties, (3) 
Uniform h over surfaces, (4) Negligible radiation. 

ANALYSIS: The analysis may be performed per unit length of cylinder or for a 4 mm long 
section. The following calculations are based on a unit length. The inner surface temperature 
may be obtained from 

rp rp 

q = i ~ °° = q[ (2 k r;) = 10 5 W/m 2 x In x 0.06 m = 37,700 W/m 
R tot 

where R tot = R c +Rt, c +R W +R e q U i v ; R equiv = (l^ R f + 1/ R b) 

R(., Conduction resistance of cylinder wall: 

, ln(r, /r.) In (66/60) _ 4 


: 3.034x10 m-K/W 


1 Vp - - J.UJTA1U 111 IV T V 

2k k 2k (50 W/m K) 

Rq c , Contact resistance: 

R t,c = R lc /2 x n = 10 ” 4 m 2 ■ K/W/2 ttx 0.066 m = 2.41 lx 10 -4 m-K/W 
R ( v , Conduction resistance of aluminum base: 

, ln(r b /n) In (70/66) _< 

R w = Vb u = ----= 3.902x10 5 m-K/W 

w 2k k 2k x 240 W/m ■ K 

R b , Resistance of prime or unfinned surface: 


hA b 100 W/m 2 Kx0.5x2;r(0.07 m) 
r D Resistance of fins: The fin resistance may be determined from 

R f = -/- = 1 A r 

q f t? f hA f 

The fin efficiency may be obtained from Fig. 3.19, 

r 2c = r o +1/2 = 0.096 m L c = L+t/2 = 0.026 m 


454.7x10 * m-K/W 


Continued 





= 0.375 


PROBLEM 3.147 (Cont.) 

1/2 

A p = L c t = 5.2xl0~ 5 m 2 r 2c /r 1 =1.45 L 2/2 (h/kA p ) 


Fig. 3.19 —> T(f ~ 0.88. 

The total fin surface area per meter length 


Af = 250 


K 


(^ 2 -' b 2 ) 


x2 


= 250 m' 


(ox 


27T10.096 2 -0.07 2 ^ 


m = 6.78 m. 


Hence 


Rf 


0.88x100 W/m z ■ Kx6.78 m 


-1 


4 


:16.8xl0“^ m-K/W 


1/R equiv =( 1/16 - 8xl0_4 + 1/454 - 7xl0 ” 4 ) w/m K = 617 - 2 w/m K 


R equiv =16.2x10 4 m-K/W. 
Neglecting the contact resistance, 


R'tot = (3.034 + 0.390 + 16.2)10 -4 m-K/W = 19.6xl0“ 4 m-K/W 

Tj = q'Rtot +T 00 =37,700 W/mxl9.6xl0' 4 m-K/W+320 K = 393.9 K < 

=T i -q , R / w =393.9 K-37,700 W/mx3.034xl0' 4 m-K/W = 382.5 K < 

T b =T 1 -q , R b =382.5 K-37,700 W/mx3.902xl0' 5 m-K/W = 381.0 K. < 
Including the contact resistance, 


R tot = (l9.6xl0 -4 + 2.4-1 lx 10 -4 )m■ K/W = 22.0X10 -4 m-K/W 

Ti =37,700 W/mx22.0xl0' 4 m-K/W+320 K = 402.9 K < 

Tl,i = 402.9 K-37,700 W/mx3.034xl0' 4 m-K/W = 391.5 K 
Ti 0 =391.5 K-37,700 W/mx2.411xl0' 4 m-K/W = 382.4 K 
T b =382.4 K-37,700 W/mx3.902xl0' 5 m-K/W = 380.9 K. 

COMMENTS: (1) The effect of the contact resistance is small. 


< 

< 

< 


(2) The effect of including the aluminum fins may be determined by computing Tj without the 
fins. In this case R/ tot = +Rconv’ where 

R conv =—-— =-y— -= 241.1xl0“ 4 m-K/W. 

hlnxi 100 W/m 2 -K 2k (0.066 m) 

Hence, R tot =244.1xl0 -4 m-K/W, and 

Tj =q , R , to t+ T oo =37,700 W/mx244.lx 10' 4 m-K/W+320 K = 1240 K. 

Hence, the fins have a significant effect on reducing the cylinder temperature. 

(3) The overall surface efficiency is 

t] Q =l-(Af /A' t )(l-77 f ) = 1-6.78 m/7.00 m(l-0.88) = 0.884. 

It follows that q'=ri 0 h 0 A[9\j = 37,700 W/m, which agrees with the prescribed value. 



PROBLEM 3.148 

KNOWN: Dimensions and materials of a finned (annular) cylinder wall. Combustion gas and ambient 
air conditions. Contact resistance. 


FIND: (a) Heat rate per unit length and surface and interface temperatures, (b) Effect of increasing the 
fin thickness. 

SCHEMATIC: 


T g = 1100 K 
h g = 150 W/m 2 *K 



7^o= 320 K 
h = 100 W/m 2 -K 


R'r 


R\. 


R't 


■g "w *'f,c R b '' t,o 
ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Constant properties, (3) Uniform h 
over surfaces, (4) Negligible radiation. 

ANALYSIS: (a) The heat rate per unit length is 


R\ 


q 


T -T 

g <* 


R 


tot 


tot - lx g ^ 1K w _r *M,c ix b + K t,o ’ and 


where R t „t = R„ + R, V +R t „ +Rk +R 
\-l 


Rg=(h g 2OTi) 1 =(l50w/m 2 -Kx27rx0.06m) *= 0.0177m-K/W, 
In (rj/rj) In (66/60) 


R w “ 


= 3.03x10 4 m • K/W , 


2;rk w 2;r(50 W/m- K) 

R'c = (R t, c / 2 ^ r l) = 10“ 4 m 4 • K/W jinx 0.066m = 2.41 x 10“ 4 m • K/W 
/ ln ( r b/ r l) In (70/66) 


R b = 


= 3.90x10 5 m• K/W , 


2;rk 2k x 240 W/m • K 

-1 


R t,o — (^o^t ) ’ 


NA 


^ 7 o=l-TrMl-^f). 

A t 

A f =2^(r 0 2 c -r^) 

A' t = N'A f +(I-N't)2^:r 5 

(2r b /m) K : (mr b ) I : (mr oc ) -1 : (mr b ) K : (mr oc ) 


Vf = 


( r oc - r b ) Io ) K 1 ( mr oc ) + K 0 (™b ) l l (™oc ) 


r oc = r o+( t / 2 )’ 


m =(2h/kt) 


1/2 


Continued. 




PROBLEM 3.148 (Cont.) 


Once the heat rate is determined from the foregoing expressions, the desired interface temperatures may 
be obtained from 

T i =T g -c l R g 

Tfi = Tg — q (Rg + R w ) 

Ti, 0 = Tg — q (Rg + R w + R t,c) 

Tb = Tg — q (Rg + R w + R t c + Rb ) 

For the specified conditions we obtain A[ = 7.00 m, r/f = 0.902, tj 0 = 0.906 and Rj 0 = 0.00158 
m-K/W. It follows that 

q' = 39,300 W/m 

Tj = 405K, T]j = 393K, T 1>0 = 384K, T b = 382K 

(b) The Performance Calculation, Extended Surface Model for the Circular Fin Array may be used to 
assess the effects of fin thickness and spacing. Increasing the fin thickness to t = 3 mm, with 8 = 2 mm, 
reduces the number of fins per unit length to 200. Hence, although the fin efficiency increases (rj f = 
0.930), the reduction in the total surface area ( A[ = 5.72 m) yields an increase in the resistance of the fin 
array (R' 0 = 0.00188 m-K/W), and hence a reduction in the heat rate ( q' = 38,700 W/m) and an increase 
in the interface temperatures (Tj = 415 K, Tj j = 404 K, Tj 0 = 394 K, and Tb = 393 K). 

COMMENTS: Because the gas convection resistance exceeds all other resistances by at least an order 
of magnitude, incremental changes in R t 0 will not have a significant effect on q' or the interface 
temperatures. 


< 

< 



PROBLEM 3.149 


KNOWN: Dimensions of finned aluminum sleeve inserted over transistor. Contact resistance and 
convection conditions. 

FIND: Measures for increasing heat dissipation. 

SCHEMATIC: See Example 3.10. 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat transfer from top and bottom of 
transistor, (3) One-dimensional radial heat transfer, (4) Constant properties, (5) Negligible radiation. 

ANALYSIS: With 2jtr 2 = 0.0188 m and Nt = 0.0084 m, the existing gap between fins is extremely small 
(0.87 mm). Hence, by increasing N and/or t, it would become even more difficult to maintain 
satisfactory airflow between the fins, and this option is not particularly attractive. 

Because the fin efficiency for the prescribed conditions is close to unity (r/f = 0.998), there is little 
advantage to replacing the aluminum with a material of higher thermal conductivity (e.g. Cu with k ~ 400 
W/m-K). However, the large value of 1)f suggests that significant benefit could be gained by increasing 
the fin length, L = r 3 - r 2 . 

It is also evident that the thermal contact resistance is large, and from Table 3.2, it’s clear that a 
significant reduction could be effected by using indium foil or a conducting grease in the contact zone. 
Specifically, a reduction of R[ c from 10 3 to 10 4 or even 10 5 irf-K/W is certainly feasible. 

Table 1.1 suggests that, by increasing the velocity of air flowing over the fins, a larger convection 
coefficient may be achieved. A value of h = 100 W/m" K would not be unreasonable. 

As options for enhancing heat transfer, we therefore use the IHT Performance Calculation, Extended 
Surface Model for the Straight Fin Array to explore the effect of parameter variations over the ranges 10 
< L < 20 mm, 10 5 < R[ c < 10 3 irf-K/W and 25 < h < 100 W/irf-K. As shown below, there is a 

significant enhancement in heat transfer associated with reducing R^ c from 10° to 10 4 irf-K/W, for 
which R l c decreases from 13.26 to 1.326 K/W. At this value of R[ c , the reduction in R t 0 from 
23.45 to 12.57 K/W which accompanies an increase in L from 10 to 20 mm becomes significant, yielding 
a heat rate of q t = 4.30 W for Rj c = 10 4 irf-K/W and L = 20 mm. However, since R to » Rt.c * httlc 

benefit is gained by further reducing R[ c to 10 3 irf-K/W. 



■e— h = 25 W/m A 2.K, R"t,c = E-3 m A 2.K/W 
■A— h = 25 W/m A 2.K, R"t,c = E-4 m A 2.K/W 
■e— h = 25 W/m A 2.K, R"t,c = E-5m A 2.K/W 


Continued... 




PROBLEM 3.149 (Cont.) 


To derive benefit from a reduction in R[ c to 10 3 m 2 K/W, an additional reduction in R l () must be 
made. This can be achieved by increasing h, and for L = 20 mm and h = 100 W/m 2 K, R t 0 = 3.56 K/W. 
With Rj c = 10 5 m 2 K/W, a value of q t = 16.04 W may be achieved. 



■e— h = 25 W/m A 2.K, R"t,c = E-5 m A 2.K/W 
■A— h = 50 W/m A 2.K, R"t,c = E-5 m A 2.K/W 
-e— h = 100 W/m A 2.K, R"t,c = E-5 m A 2.K/W 


COMMENTS: In assessing options for enhancing heat transfer, the limiting (largest) resistance(s) 
should be identified and efforts directed at their reduction. 




PROBLEM 3.150 


KNOWN: Diameter and internal fin configuration of copper tubes submerged in water. Tube wall 
temperature and temperature and convection coefficient of gas flow through the tube. 


FIND: Rate of heat transfer per tube length. 
SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional fin conduction, (3) Constant properties, (4) 
Negligible radiation, (5) Uniform convection coefficient, (6) Tube wall may be unfolded and represented 
as a plane wall with four straight, rectangular fins, each with an adiabatic tip. 


ANALYSIS: The rate of heat transfer per unit tube length is: 
4t (Tg — T s ) 


*7o=l — 


NAf 


(i-rft) 


NAf =4x2L = 8 (0.025m) = 0.20m 

Af = NAf +A^ = 0.20m + (7 tD - 4t ) = 0.20m + (nx 0.05m -4x 0.005m) = 0.337m 
For an adiabatic fin tip, 

qf M tanh mL 


*7f = 


q max h(2Ll)(T g -T s ) 


M = [h2 (lm + t)k (lmx t)] 1 ' 2 (T g - T s ) « 30 w/m 2 • K (2m)400 W/m • K (o.005m 2 j *' 2 (400K) = 4382W 


mL = {[h2(lm + t)]/[k(lmxt)]}^“ L 

Hence, tanh mL = 0.136, and 

4382W (0.136) 


30W/m" K(2m) 
400 W/m • K |o.005m 2 j 


1/2 


0.025m = 0.137 


Vf = 


595W 


30w/m 2 K(o.05m 2 )(400K) 600W 


= 0.992 


0.20 , 

r/ n =1-(1-0.992) = 0.995 

0.337 

q' t = 0.995^30w/m 2 Kjo.337m(400K) = 4025W/m 


COMMENTS: Alternatively, q' t = 4qf + h (A' t - Af )(T g -T s ). Hence, q' = 4(595 W/m) + 30 
W/m 2 K (0.137 m)(400 K) = (2380 + 1644) W/m = 4024 W/m. 



PROBLEM 3.151 


KNOWN: Internal and external convection conditions for an internally finned tube. Fin/tube 
dimensions and contact resistance. 

FIND: Heat rate per unit tube length and corresponding effects of the contact resistance, number of fins, 
and fin/tube material. 

SCHEMATIC: 



h w = 2000 W/m 2 -K 
tZ = 350 K 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer, (3) Constant 
properties, (4) Negligible radiation, (5) Uniform convection coefficient on finned surfaces, (6) Tube wall 
may be unfolded and approximated as a plane surface with N straight rectangular fins. 

PROPERTIES: Copper: k = 400W/m-K; St.St.: k = 20W/m-K. 

ANALYSIS: The heat rate per unit length may be expressed as 

T -T 

g w 


^t.o(c) + ^cond + ^conv,o 


where 


^t.o(c) (^o(c)hgAt), t? 0 (c) ^ 1 , Cj 1+ ^ 7 fhgAf (Rt, c /A c ^), 


A( = NAf+(2^rj-Nt), Af = 2q , r/f = tanh mq/mq , m = (2hg/kt) "" A^. j, = t, 

„ ln(q>/ri) , . ,_i 

^cond = I ' ’ anc ^ Rconv.o = ) 


Using the IHT Performance Calculation, Extended Surface Model for the Straight Fin Array, the 
following results were obtained. For the base case, q = 3857 W/m, where R/ t ()(c) = 0.101 m-K/W, 

^cond = ^-25 X 10 ? m-K/W and Rconv o = 0-00265 m-K/W. If the contact resistance is eliminated 
(Rj c = 0), q' = 3922 W/m, where Rj 0 = 0.0993 m-K/W. If the number of fins is increased to N = 8, 
q" = 5799 W/m, with R t 0 ( c \ = 0.063 m-K/W. If the material is changed to stainless steel, q' = 3591 
W/m, with Rt, 0 ( c ) = 0.107 m-K/W and R' ond = 0.00145 m-K/W. 


COMMENTS: The small reduction in q' associated with use of stainless steel is perhaps surprising, in 
view of the large reduction in k. However, because hg is small, the reduction in k does not significantly 

reduce the fin efficiency (changes from 0.994 to 0.891). Hence, the heat rate remains large. The 
influence of k would become more pronounced with increasing hg . 



PROBLEM 3.152 


KNOWN: Design and operating conditions of a tubular, air/water heater. 

FIND: (a) Expressions for heat rate per unit length at inner and outer surfaces, (b) Expressions for inner 
and outer surface temperatures, (c) Surface heat rates and temperatures as a function of volumetric 
heating q for prescribed conditions. Upper limit to q . 

SCHEMATIC: 


h Q = 100 W/m 2 K 
T n = 300 K 

oo, O 



ASSUMPTIONS: (1) Steady-state, (2) Constant properties, (3) One-dimensional heat transfer. 
PROPERTIES: Table A-l: Aluminum, T = 300 K, k a = 237 W/m-K. 


q'(r i ) = q^r i - 


2 27rk s 


To 


ANALYSIS: (a) Applying Equation C.8 to the inner and outer surfaces, it follows that 

( 2 \ 

+ (T s ,o — Ts,i) 

j 

2 \ 

+ (T s , 0 ~ T s ,i) 


ln ( r o/ r i) 


4k„ 


q'( r o) = q^ r o- 


2 2;rk s 


ln ( r o/ r i) 


V 

• 2 ( 

qr 0 


1-*- 

u 2 


4k c 


1-5- 

2 


V ±0 ) 

(b) From Equations C. 16 and C. 17, energy balances at the inner and outer surfaces are of the form 

^ 2 ( 2\ 

+ (T s ,o ~ 4i ) 


h- (t • -T ) = 

"i v °°,i s,i ) 2 


q^ 

4k c 


1-4 


r i ln ( r o/ r i) 


Uq (T s ,o L*, 0 ) 


q>o 


. 2 

qr 0 

4k c 


i4 


+ (T s , 0 ^s,i ) 


2 r o In ( r o/ r i) 

Accounting for the fin array and the contact resistance, Equation 3.104 may be used to cast the overall 
heat transfer coefficient U 0 in the form 


U 0 = 


q'Ob) 


i 


Aj 

-~r^ r lo(c) h o 


A w (T s , 0 Lxj^o) A w R t 0 (- c ) A^ 

where ?7 0 ( c ) is determined from Equations 3.105a,b and A^, = 2k r () . 


Continued... 




PROBLEM 3.152 (Cont.) 

(c) For the prescribed conditions and a representative range of 10 < q <10 W/m , use of the relations 
of part (b) with the capabilities of the IHT Performance Calculation Extended Surface Model for a 
Circular Fin Array yields the following graphical results. 



-©— Inner surface temperature, Ts,i 
-a— Outer surface temperature, Ts,o 


It is in this range that the upper limit of T s j = 373 K is exceeded for q = 4.9 x 10 7 W/m 3 , while the 
corresponding value of T s 0 = 379 K is well below the prescribed upper limit. The expressions of part 
(a) yield the following results for the surface heat rates, where heat transfer in the negative r direction 
corresponds to q / (l'j ) < 0. 


50000 


30000 



-50000 


1E7 2E7 3E7 4E7 5E7 6E7 7E7 8E7 9E7 1E8 

Heat generation, qdot(W/m A 3) 


-®- q'(ri) 
q’(ro) 


For q = 4.9 x 10 7 W/m 3 , q'(r,) = -2.30 x 10 4 W/m and q'(r 0 ) = 1.93 x 10 4 W/m. 


COMMENTS: The foregoing design provides for comparable heat transfer to the air and water streams. 
This result is a consequence of the nearly equivalent thermal resistances associated with heat transfer 

from the inner and outer surfaces. Specifically, R^onv i = (h j 2/rq ) ' = 0.00318 m-K/W is slightly 

smaller than R t 0 ( c ) = 0.00411 m-K/W, in which case |q (r x )| is slightly larger than q(r Q ), while T s j 

is slightly smaller than T s 0 . Note that the solution must satisfy the energy conservation requirement, 

^(r 0 2 - r i 2 )q = |q / (ii)|+q / ( r o)- 





PROBLEM 4.1 


KNOWN: Method of separation of variables (Section 4.2) for two-dimensional, steady-state conduction. 

2 

FIND: Show that negative or zero values of X , the separation constant, result in solutions which 
cannot satisfy the boundary conditions. 


SCHEMATIC: 



F(9=0 

! — 


ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Constant properties. 

2 

ANALYSIS: From Section 4.2, identification of the separation constant X leads to the two ordinary 
differential equations, 4.6 and 4.7, having the forms 


q + ;Fx=o 

dx 2 

and the temperature distribution is 


^-x 2 y = o 

dy 2 


9 (x,y) = X(x) Y(y). 


( 1 , 2 ) 

(3) 


Consider now the situation when X = 0. From Eqs. (1), (2), and (3), find that 

X = q+C 2 x, Y =C 3 +C 4 y and 0 (x,y) = (Q +C 2 x) (C 3 +C 4 y). (4) 


Evaluate the constants - C], C 2 , C 3 and C 4 - by substitution of the boundary conditions: 


x = 0 : 

0(O,y) = (C 1 + C 2 O)(C 3 +C 4 y) = O 

C 1= 0 

y = 0 : 

0 (x,0) =(0+C 2 X)(C 3 + C 4 -0) = 0 

C 3 =0 

x = L: 

0 (L,0) = (0+C 2 L)(0 + C 4 y) =0 

c 2 = 0 

y = W: 

0 (x,W) =(0+0 x)(0 + C 4 W) = 1 

0^1 


The last boundary condition leads to an impossibility (0 ^ 1). We therefore conclude that a X value 

of zero will not result in a form of the temperature distribution which will satisfy the boundary 

2 

conditions. Consider now the situation when X <0. The solutions to Eqs. (1) and (2) will be 

X = C 5 e"^ x + C 6 e + ^ x , Y =C 7 cos Xy+ Cgsin Xy (5,6) 


and 


9(x.y) 


C 5 e Xx +C 6 e +X * 


[C 7 C 0 S Xy + Cgsin Xy]. 


(7) 


Evaluate the constants for the boundary conditions. 


y = 0 : 

x = 0 : 


e(x,o) = 
9 (0,y) = 


C 5 e Xx +C 6 e Xx 
C 5 e 0 + C 6 e° 


[C 7 COS 0 + Cgsin 0] =0 
[0 + Cgsin Xy] =0 


C 7 =0 
Cg=0 


If Cg = 0, a trivial solution results or C 5 
x = L: 0(L,y) = C 5 


-c 6 . 


„-xL „+xL 
e -e 


CgsinXy = 0. 


From the last boundary condition, we require C 5 or Cg is zero; either case leads to a trivial solution 
with either no x or y dependence. 




PROBLEM 4.2 

KNOWN: Two-dimensional rectangular plate subjected to prescribed uniform temperature boundary 
conditions. 


FIND: Temperature at the mid-point using the exact solution considering the first five non-zero terms; 
assess error resulting from using only first three terms. Plot the temperature distributions T(x,0.5) and 
T(l,y). 


SCHEMATIC: 



ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Constant properties. 


ANALYSIS: From Section 4.2, the temperature distribution is 

0 t i\n+l 

I 


e(*,y)= 


T-Ti _ 2 ^ (-1) +1 


sin 


^ ukx ^ sinh(n;ry/L) 


L 


J 


+ -Ti * “ n 

Considering now the point (x,y) = (1.0,0.5) and recognizing x/L = 1/2, y/L = 1/4 and W/L = 1/2, 

\\K ) sinh(n7r/4) 

/ -ami - I- 

T 2 -Tj k 


, . T-Ti 2 £ (-i) n+1 +i 

^ (1.0.5) - -sin 


n=l 


n 


V 2 J 


sinh(n7rW/L) 


sinh(n7r/2) 


(1,4.19) 


When n is even (2, 4, 6 ...), the corresponding term is zero; hence we need only consider n = 1, 3, 5, 7 
and 9 as the first five non-zero terms. 


d (1,0.5) = - 2 


sin 


(71 ^sinh (tt/4) 2 


K 


v 2 J 


sinh(7r/2) 3 


+—sin 


( Ik ^ 
v 2 J 


sinh(37r/4) 


2 . 
— sin 
5 


f 5 k ^ 
v 2 J 


sinh(5;r/4) 2 


+—sin 


sinh(5^/2) 7 


f Ik ^ 
v 2 J 


sinh(37r/2) 
sinh(7;r/4) 2 


+ 


+ —sin 


sinh(7;r/2) 9 


' 9k ' 

sinh(9;r/4) 


sinh(9;r/2) 


0 (1,0.5) = -[0.755 -0.063 + 0.008 -0.001 + 0.000] = 0.445 


K 


T(l,0.5) = 0 (1,0.5)(T 2 -T^ + Tj = 0.445 (150-50)+ 50 = 94.5°C. 


( 2 ) 

< 


If only the first three terms of the series, Eq. (2), are considered, the result will be 0(1,0.5) = 0.46; that is, 
there is less than a 0.2% effect. 


Using Eq. (1), and writing out the first five 
terms of the series, expressions for 0(x,0.5) or 
T(x,0.5) and 0(1,y) or T(l,y) were keyboarded 
into the IHT workspace and evaluated for 
sweeps over the x or y variable. Note that for 
T(l,y), that as y —> 1, the upper boundary, 

T(l,l) is greater than 150°C. Upon examination 
of the magnitudes of terms, it becomes evident 
that more than 5 terms are required to provide 
an accurate solution. 



T(l,y) 

T(x,0.5) 






PROBLEM 4.3 


KNOWN: Temperature distribution in the two-dimensional rectangular plate of Problem 4.2. 

FIND: Expression for the heat rate per unit thickness from the lower surface (0 < x < 2, 0) and result 
based on first five non-zero terms of the infinite series. 


SCHEMATIC: 




ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Constant properties. 
ANALYSIS: The heat rate per unit thickness from the plate along the lower surface is 

x=2 36 1 


x=2 x=2 

qout=- | dqy(x,o) = — | -k 
x=0 x=0 


r)T 

dy 


y=0 


dx = k(T 2 -T 1 ) | 


x=0 


dy 


dx 


y=0 


where from the solution to Problem 4.2, 
_ T-T, _ 2 


0 


T 2 -Ti k 


~(-l) n+1 +l 

L- sin 


n=l 


n 


n?rx 1 sinh (nyry/L) 


v L , 


sinh(n7rW/L) 


Evaluate the gradient of 0 from Eq. (2) and substitute into Eq. (1) to obtain 
qout = k ( T 2- 1 


f 2 f(- l) n+1 + l 

r n?rx ^ 

(n;r/L)cosh (nyry/L) 

J 71 “ n 

=0 n=l 

l L J 

sinh(n7rW/L) 


dx 


y=0 


qout=k(T 2 -T 1 )-£ 


2 ~ (-l) n+1 + l 


1 


71 


n=l 


n sinh(n7rW/L) 


-cos 


^nyrx ^ 




qo„t=k(T 2 -T 1 )-£ 
71 n-1 


2 ~ (- 1)” +1 +1 


---— ri-cos(nTr)] 

sinh(n7r/L) ^ ^ 


(1) 


( 2 ) 


< 


To evaluate the first five, non-zero terms, recognize that since cos(mt) = I for n = 2, 4, 6 ..., only the n- 
odd terms will be non-zero. Hence, 


Continued 




PROBLEM 4.3 (Cont.) 


q'out = 50W/m - K (150-50)° C — 

K 


(-lf+1 1 


(- 0+1 1 


(2 ) + 


1 sinh(7r/2) 

(- 1) 8 +1 1 


( 2 ) + 


(- 1) 4 + 1 


(- 1) 10 +1 1 


sinh (3/z72) 


( 2 ) 


( 2 ) + 


( 2 ) 


5 sinh (5 tt/ 2) 7 sinh(7;r/2) 9 sinh (9 tt/2) 

q'out = 3.183kW/m [1.738+ 0.024+ 0.00062+ (...)] = 5.61 lkW/m < 


COMMENTS: If the foregoing procedure were used to evaluate the heat rate into the upper surface, 
x=2 

t|j n = - | dt|y (x, W), it would follow that 
x=0 

qin =k ( T 2 - T l)- L -— coth(n7r/2)[l-cos(n7r)] 

71 , n L J 

n=l 


However, with coth(mt/2) > 1, irrespective of the value of n, and with ^ 

n=l 

divergent series, the complete series does not converge and qj n —> °° . This physically untenable 
condition results from the temperature discontinuities imposed at the upper left and right corners. 


(~l) n+1 +l" 


'n being a 



PROBLEM 4.4 


KNOWN: Rectangular plate subjected to prescribed boundary conditions. 
FIND: Steady-state temperature distribution. 


SCHEMATIC: 


T=Ax 



T (x, y) 


ASSUMPTIONS: (1) Steady-state, 2-D conduction, (2) Constant properties. 

ANALYSIS: The solution follows the method of Section 4.2. The product solution is 

T(x,y) = X(x) ■ Y(y) = (QcosXx + C 2 sinXx)|c 3 e"^ y + C 4 e~ lAy j 

and the boundary conditions are: T(0,y) = 0, T(a,y) = 0, T(x,0) = 0, T(x.b) = Ax. Applying 
BC#1, T(0,y) = 0, find Q = 0. Applying BC#2, T(a,y) = 0, find that X = ntt/a with n = 1,2,.... 
Applying BC#3, T(x,0) = 0, find that C 3 = -C 4 . Hence, the product solution is 

T(x,y) = X(x)-Y(y) = C 2 C 4 sin — x |e + ^ y -e~^ y j. 

Combining constants and using superposition, fmd 


T(x,y)=V C n sin - sinh —— . 

n=l L a J La. 

To evaluate C n , use orthogonal functions with Eq. 4.16 to find 


C n = I ( ) Ax ' sin 


dx/sinh 


n;tb ra . 2 nttx 

- sm z - 

a ^0 a 


noting that y = b. The numerator, denominator and C n , respectively, are: 


, a n7i x ax n7t x 

dx = A — sin --cos - 


Aa r / \ 1 Aa , , \ 

-[-cos (nTT )J =-(-1) 

mi n7i; 


n7tb pa mux n7i;b 1 1 

sinh - sin~-dx = sinh - —x-sin 

a a a 2 4n7t 


a 

= — • sinh 
2 


C n =-^_(- 1 ) ll+ l/ —sinh ^ 
nTt 2 a 


= 2Aa (-l) n+ ^/n7t sinh 


Hence, the temperature distribution is 

W , 2Aa£ t-l) n+I 

T(x,y)=-^ - 



PROBLEM 4.5 


KNOWN: Long furnace of refractory brick with prescribed surface temperatures and material 
thermal conductivity. 

FIND: Shape factor and heat transfer rate per unit length using the flux plot method 

SCHEMATIC: 


T r - 600 ’C 

T Z - 60 °C 

Firnace 
cross- section 



fk-lZW/m-K 
F 
Zm 


*~Z.5w —> 


Symmetry line-y, 



Symmetrical section 


ASSUMPTIONS: (1) Furnace length normal to page, £, » cross-sectional dimensions, (2) Two- 
dimensional, steady-state conduction, (3) Constant properties. 

ANALYSIS: Considering the cross-section, the cross-hatched area represents a symmetrical 
element. Hence, the heat rte for the entire furnace per unit length is 

q'=S.=4-k(T 1 -T 2 ) (1) 

£ l 


where S is the shape factor for the symmetrical section. Selecting three temperature increments ( N = 
3), construct the flux plot shown below. 



From Eq. 4.26, 


and from Eq. (1), 


M£ S M 8.5 

- or — = — = — = 2.83 

N £ N 3 


W 


q =4x2.83x1.2 -(600-60)° C = 7.34 kW/m. 


m-K 


COMMENTS: The shape factor can also be estimated from the relations of Table 4.1. The 
symmetrical section consists of two plane walls (horizontal and vertical) with an adjoining edge. Using 
the appropriate relations, the numerical values are, in the same order, 


S = 


0.75m 

0.5m 


£ + 0.54£ + 


0.5m 


£=3.04£ 


0.5m 



Note that this result compares favorably with the flux plot result of 2.83 t. 



PROBLEM 4.6 


KNOWN: Hot pipe embedded eccentrically in a circular system having a prescribed thermal 
conductivity. 

FIND: The shape factor and heat transfer per unit length for the prescribed surface temperatures. 


SCHEMATIC: 


k=0.5W/m-K- 


T r -lS0°C 

D=Z0mm 


T, = 35°C 



R=40mm 


Cross-hatched region 
i s a symmetrical section j 
length measured normal 
to page is £. 


ASSUMPTIONS: (1) Two-dimensional conduction, (2) Steady-state conditions, (3) Length t » 
diametrical dimensions. 


ANALYSIS: Considering the cross-sectional view of the pipe system, the symmetrical section 
shown above is readily identified. Selecting four temperature increments (N = 4), construct the flux 
plot shown below. 



For the symmetrical section: 
For the pipe system: 

S=2S 0 =426i 


2/2 heat flow lane, 


For the pipe system, the heat rate per unit length is 

q =— =kS(T 1 —T 2 ) = 0.5—^—x4.26(150—35)° C = 245 W/m. < 

l m K 

COMMENTS: Note that in the lower, right-hand quadrant of the flux plot, the curvilinear squares 
are irregular. Further work is required to obtain an improved plot and, hence, obtain a more 
accurate estimate of the shape factor. 


PROBLEM 4.7 

KNOWN: Structural member with known thermal conductivity subjected to a temperature difference. 


FIND: (a) Temperature at a prescribed point P, (b) Heat transfer per unit length of the strut, (c) Sketch 
the 25, 50 and 75°C isotherms, and (d) Same analysis on the shape but with adiabatic-isothermal 
boundary conditions reversed. 


SCHEMATIC: 


Insulation 



75W/m • K 


= 0°C 



Symmetry 

isotherm 


ASSUMPTIONS: (1) Two-dimensional conduction, (2) Steady-state conditions, (3) Constant 
properties. 


ANALYSIS: (a) Using the methodology of Section 4.3.1, construct a flux plot. Note the line of 
symmetry which passes through the point P is an isotherm as shown above. It follows that 

T(P) = (T 1 +T 2 )/2 = (100 + 0)° c/l = 50°C. 


< 


(b) The flux plot on the symmetrical section is now constructed to obtain the shape factor from which the 
heat rate is determined. That is, from Eq. 4.25 and 4.26, 

q = kS(T 1 -T 2 ) and S = M£/N. (1,2) 


From the plot of the symmetrical section, 
S G = 4.21/4 = 1.057. 

For the full section of the strut, 

M = M 0 =4.2 

but N = 2N 0 = 8. Hence, 

S = S o /2 = 0.53f’ 

and with q / = q/^, giving 



< 


q '/t = 75 W/m ■ Kx 0.53 (100 ■- 0)° C = 3975 W/m. 


(c) The isotherms for T = 50, 75 and 100°C are shown on the flux plot. The T = 25°C isotherm is 
symmetric with the T = 75°C isotherm. 

(d) By reversing the adiabatic and isothermal boundary conditions, the two-dimensional shape appears as 
shown in the sketch below. The symmetrical element to be flux plotted is the same as for the strut, 
except the symmetry line is now an adiabat. 


Continued... 



PROBLEM 4.7 (Cont.) 



S 0 = M 0 f/N 0 = 3.4£/4 = 0.85£ S = 2S 0 = \.10l 

and the heat rate per unit length from Eq. (1) is 

q = 75 W/m - Kx 1.70(100-0)° C = 12,750W/m 
From the flux plot, estimate that 
T(P) - 40°C. 


< 

< 


COMMENTS: (1) By inspection of the shapes for parts (a) and (b), it is obvious that the heat rate for 
the latter will be greater. The calculations show the heat rate is greater by more than a factor of three. 

(2) By comparing the flux plots for the two configurations, and corresponding roles of the adiabats and 
isotherms, would you expect the shape factor for parts (a) to be the reciprocal of part (b)? 



PROBLEM 4.8 


KNOWN: Relative dimensions and surface thermal conditions of a V-grooved channel. 
FIND: Flux plot and shape factor. 

SCHEMATIC: 



ASSUMPTIONS: (1) Two-dimensional conduction, (2) Steady-state conditions, (3) Constant 
properties. 

ANALYSIS: With symmetry about the midplane, only one-half of the object need be considered 
shown below. 

Choosing 6 temperature increments (N = 6), it follows from the plot that M ~ 7. Hence from Eq. 
4.26, the shape factor for the half section is 
M 7 

s =—i =-e = i.m. 

N 6 

For the complete system, the shape factor is then 

S = 2.34L < 



adia bat 



PROBLEM 4.9 


KNOWN: Long conduit of inner circular cross section and outer surfaces of square cross section. 

FIND: Shape factor and heat rate for the two applications when outer surfaces are insulated or 
maintained at a uniform temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Constant properties and (3) 
Conduit is very long. 


ANALYSIS: The adiabatic symmetry lines for each of the applications is shown above. Using the flux 
plot methodology and selecting four temperature increments (N = 4), the flux plots are as shown below. 




For the symmetrical sections, S = 2S 0 , where S Q = M C /N and the heat rate for each application is q = 


2(S 0 /f)k(T 1 -T 2 ). 

Application 

M 

N 

SJC 

q (W/m) 

A 

10.3 

4 

2.58 

11,588 

B 

6.2 

4 

1.55 

6,975 


COMMENTS: (1) For application A, most of the heat lanes leave the inner surface (Ti) on the upper 
portion. 


(2) For application B, most of the heat flow lanes leave the inner surface on the upper portion (that is, 
lanes 1-4). Because the lower, right-hand corner is insulated, the entire section experiences small heat 
flows (lane 6 + 0.2). Note the shapes of the isotherms near the right-hand, insulated boundary and that 
they intersect the boundary normally. 








PROBLEM 4.10 


KNOWN: Shape and surface conditions of a support column. 

FIND: (a) Heat transfer rate per unit length, (b) Height of a rectangular bar of equivalent thermal 
resistance. 


SCHEMATIC: 



(3) Constant properties, (4) Adiabatic sides. 

PROPERTIES: Table A-l, Steel, AISI 1010 (323K): k = 62.7 W/mK. 


ANALYSIS: (a) From the flux plot for the 
half section, M ~ 5 and N ~ 8. Hence for the 
full section 


S = 2' 


M£ 

~N~ 


1.251 


q=Sk(T|-T 2 ) 

q' =1.25x62.7 —^—(100 - 0)° C 

m ■ K 


W 


M--1 2 3 45 



q' ~ 7.8 kW/m. 


< 


(b) The rectangular bar provides for one-dimensional heat transfer. Hence, 

( T 1 - T 2) , JTi—T 2 ) 

q = kA 1 — =k(0.3l)- 


H 


H 


Hence, 


H = 


0.3k (Tj - To ) 0.3m(62.7 W/m K)(l00°c) 


7800 W/m 


= 0.24m. 


COMMENTS: The fact that H < 0.3m is consistent with the requirement that the thermal 
resistance of the trapezoidal column must be less than that of a rectangular bar of the same height and 
top width (because the width of the trapezoidal column increases with increasing distance, x, from 
the top). Hence, if the rectangular bar is to be of equivalent resistance, it must be of smaller height. 



PROBLEM 4.11 

KNOWN: Hollow prismatic bars fabricated from plain carbon steel, lm in length with prescribed 
temperature difference. 

FIND: Shape factors and heat rate per unit length. 

SCHEMATIC: 

T z 

Outside dimensions 

100 xlOOmm 

Tnside dimensions 
35 x 35mm 

ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties. 

PROPERTIES: Table A-l, Steel, Plain Carbon (400K), k = 57 W/m-K. 

ANALYSIS: Construct a flux plot on the symmetrical sections (shaded-regions) of each of the 
bars. 




-i = U 


Ml 3.5 


£= 0.88L 


Since each of these sections is *4 of the bar cross-section, it follows that 


S A = 4xlf = 41 S B = 4x0.88f = 3.5 L < 

The heat rate per unit length is q = q ll = k (S/f) (T| -T 2 ), 

W 

q A = 57-x4(500-300) K =45.6 kW/m < 

m- K 

W 

qg =57——x3.5 (500-300)K =39.9 kW/m. 
m-K 


< 




PROBLEM 4.12 


KNOWN: Two-dimensional, square shapes, 1 m to a side, maintained at uniform temperatures as 
prescribed, perfectly insulated elsewhere. 

FIND: Using the flux plot method, estimate the heat rate per unit length normal to the page if the 
thermal conductivity is 50 W/m-K 

ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 

ANALYSIS: Use the methodology of Section 4.3.1 to construct the flux plots to obtain the shape factors 
from which the heat rates can be calculated. With Figure (a), begin at the lower-left side making the 
isotherms almost equally spaced, since the heat flow will only slightly spread toward the right. Start 
sketching the adiabats in the vicinity of the T 2 surface. The dashed line represents the adiabat which 
separates the shape into two segments. Having recognized this feature, it was convenient to identify 
partial heat lanes. Figure (b) is less difficult to analyze since the isotherm intervals are nearly regular in 
the lower left-hand corner. 



T 2 (a) (b) 


The shape factors are calculated from Eq. 4.26 and the heat rate from Eq. 4.25. 


M 0.5 + 3 + 0.5 + 0.5 + 0.2 M 4.5 non 

N 6 N 5 

S'= 0.70 

q / = kS'(T 1 -T 2 ) q' = kS'(Ti—T 2 ) 

q' = lOW/m-Kx0.70(100-0)K = 700W/m q'= 10W/m-Kx0.90(l00-0)K = 900W/m < 


COMMENTS: Using a finite-element package with a fine mesh, we determined heat rates of 956 and 
915 W/m, respectively, for Figures (a) and (b). The estimate for the less difficult Figure (b) is within 
2% of the numerical method result. For Figure (a), our flux plot result was 27% low. 




PROBLEM 4.13 


KNOWN: Uniform media of prescribed geometry. 

FIND: (a) Shape factor expressions from thermal resistance relations for the plane wall, cylindrical 
shell and spherical shell, (b) Shape factor expression for the isothermal sphere of diameter D buried in 
an infinite medium. 


ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform properties. 


ANALYSIS: (a) The relationship between the shape factor and thermal resistance of a shape follows 
from their definitions in terms of heat rates and overall temperature differences. 

AT 

q = kSAT (4.25), q =- (3.19), S = l/kR t (4.27) 

R t 


Using the thermal resistance relations developed in Chapter 3, their corresponding shape factors are: 


Plane wall: 

Cylindrical shell: 
(L into the page) 

Spherical shell: 

< 



n _ l 11 ( r 2 / r l) 

Kf —- 

271 Lk 



R t 


L 

kA 



< 


S = 


27t L 
lnr 2 / \ • 


< 


R t = 


1 

47tk 


1 

r l 


1 

r 2 


S = 


4ti 

l/i'i - l/r 2 


(b) The shape factor for the sphere of diameter D in an 
i nf inite medium can be derived using the alternative 
conduction analysis of Section 3.1. For this situation, q, is 
a constant and Fourier’s law has the form 



Separate variables, identify limits and integrate. 



q r f°° dr 

r T 2 

J Tj dT 

9r 

f 

oo 

9r 

0- 

2" 

47tk D ^ 2 j-2 

47t k 

r _ 

D/2 

47tk 

D 


9r 


= 4;uk 


(T| -T 2 ) 


or S= 27 rD. 


=(T 2 -T|) 


< 


COMMENTS: Note that the result for the buried sphere, S = 271D, can be obtained from the 
expression for the spherical shell with x 2 = °°. Also, the shape factor expression for the “isothermal 
sphere buried in a semi-infinite medium” presented in Table 4.1 provides the same result with z —> °°. 



PROBLEM 4.14 

KNOWN: Heat generation in a buried spherical container. 


FIND: (a) Outer surface temperature of the container, (b) Representative isotherms and heat flow 
lines. 


SCHEMATIC: 




T P -ZO°C 


z=10m 
Jl 

D=Zm 


•a?. 

a' 


k 


■msZliff' 


Radioactive 


wastes, spherical 
container 



i; E S =500W 


ASSUMPTIONS: (1) Steady-state conditions, (2) Soil is a homogeneous medium with constant 
properties. 

PROPERTIES: Table A-3, Soil (300K): k = 0.52 W/mK. 

ANALYSIS: (a) From an energy balance on the container, q = Eg and from the first entry in Table 
4.1, 


q = 


2tiD 
1 - D/4z 


k(Ti-T 2 ). 


Hence, 


>-p _>-p , ql-D/4z_ OA o p 500W l-2m/40m 

1 ] — 12 -I- — 20 Ch- — - - -r— 

k 2 jtD Q52 W 2 k (2m) 

m-K 


92.7°C 


< 


(b) The isotherms may be viewed as spherical surfaces whose center moves downward with 
increasing radius. The surface of the soil is an isotherm for which the center is at z = °«. 



PROBLEM 4.15 


KNOWN: Temperature, diameter and burial depth of an insulated pipe. 
FIND: Heat loss per unit length of pipe. 


SCHEMATIC: 


e • I • - T z -0°C 

~D} = 0.5m 

Cellular glass insulation 
Oil, T t =1Z0°C - ^S^~D z --0.7m 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction through insulation, 
two-dimensional through soil, (3) Constant properties, (4) Negligible oil convection and pipe wall 
conduction resistances. 

PROPERTIES: Table A-3, Soil (300K): k = 0.52 W/m-K; Table A-3, Cellular glass (365 K): k 
= 0.069 W/mK. 


ANALYSIS: The heat rate can be expressed as 


q = 


Ti~T 2 

Rtot 


where the thermal resistance is Rt 0 t = Rins + Rsoil- From Eq. 3.28, 

_ in (P 2 / Dj ) _ In (0.7m/0.5m) _ Q,776m ■ K/W 

ms _ 271 Lk^ ~~ 2;t Lx0.069 W/m-K ~ L 
From Eq. 4.27 and Table 4.1, 

1 cosh'l (2z/Do) cosh"' (3/0.7) 0.653 

R soil =-=---— =- 7 ---^- =-m-K/W. 

8011 SK soil 27t Lk soil 27t x (0.52 W/m K)L L 

Hence, 


(120-0)° C 

-(0.776 + 0.653)— 
L v ’ W 


W 

84—x 
m 


L 


q' = q/L = 84 W/m. < 

COMMENTS: (1) Contributions of the soil and insulation to the total resistance are approximately 
the same. The heat loss may be reduced by burying the pipe deeper or adding more insulation. 

(2) The convection resistance associated with the oil flow through the pipe may be significant, in 
which case the foregoing result would overestimate the heat loss. A calculation of this resistance may 
be based on results presented in Chapter 8 . 

(3) Since z > 3D/2, the shape factor for the soil can also be evaluated from S = 27tL/fn (4z/D) of 
Table 4.1, and an equivalent result is obtained. 



PROBLEM 4.16 


KNOWN: Operating conditions of a buried superconducting cable. 


FIND: Required cooling load. 

SCHEMATIC: 



Z -2.TT1 




‘TnsulaHon, k;-0.005)/i/m-K. 
D o ~0.2m ) Di-0.1 w 

Liquid viirogen^-WK 
Cable 


ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Two-dimensional 
conduction in soil, (4) One-dimensional conduction in insulation. 

ANALYSIS: The heat rate per unit length is 


/ 

q = 

/ 

q = 


Rg+Ri 


kg (2rc /ln(4z/D 0 ))] 1 + ln(D 0 /D i )/2n 


k i 


where Tables 3.3 and 4.1 have been used to evaluate the insulation and ground resistances, 
respectively. Hence, 


/ 

q = 

/ 

q = 


(300 -77) K 


(1.2 W/m- K)(2n /ln(8/0.2))] 1 + ln(2)/ 27tx0.005 W/m- K 
223 K 


(0.489+22.064) m ■ K/W 


q / = 9.9 W/m. < 

COMMENTS: The heat gain is small and the dominant contribution to the thermal resistance is 
made by the insulation. 



PROBLEM 4.17 


KNOWN: Electrical heater of cylindrical shape inserted into a hole drilled normal to the surface of 
a large block of material with prescribed thermal conductivity. 

FIND: Temperature reached when heater dissipates 50 W with the block at 25°C. 

SCHEMATIC: 


r — I ■ ii’JMu.iuwp 


L-100mm 



l -Z5°C 


k-S^Njm'K 

Electrical heafer t 3-50W 


ASSUMPTIONS: (1) Steady-state conditions, (2) Block approximates semi- in finite medium with 
constant properties, (3) Negligible heat loss to surroundings above block surface, (4) Heater can be 
approximated as isothermal at T |. 

ANALYSIS: The temperature of the heater surface follows from the rate equation written as 
Ti = T 2 + q/kS 

where S can be estimated from the conduction shape factor given in Table 4.1 for a “vertical cylinder 
in a semi-infinite medium,” 

S = 2;tL/fn(4L/D). 


Substituting numerical values, find 

~ , 4x0.1m 

S = 271 xO.lm/fn 


0.005m 

The temperature of the heater is then 


0.143m. 


Ti = 25°C + 50 W/(5 W/mK x 0.143m) = 94.9°C. < 

COMMENTS: (1) Note that the heater has L » D, which is a requirement of the shape factor 
expression. 

(2) Our calculation presumes there is negligible thermal contact resistance between the heater and the 
medium. In practice, this would not be the case unless a conducting paste were used. 

(3) Since L » D, assumption (3) is reasonable. 

(4) This configuration has been used to determine the thermal conductivity of materials from 
measurement of q and T|. 



PROBLEM 4.18 


KNOWN: Surface temperatures of two parallel pipe lines buried in soil. 
FIND: Heat transfer per unit length between the pipe lines. 

SCHEMATIC: 


T 1 -.175°C 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties, (4) Pipe lines are buried very deeply, approximating burial in an i nf inite medium, (5) Pipe 
length » D| or D 2 and w' > D| or D 2 . 

ANALYSIS: The heat transfer rate per unit length from the hot pipe to the cool pipe is 

q '=H k( ™ 


The shape factor S for this configuration is given in Table 4.1 as 
2 ttL 


cosh 


4w 2 -D 2 -D 2 

2DiD 2 


Substituting numerical values, 

— = 2k /cosh -1 
L 

- = 271/4.88=1.29. 

L 

Hence, the heat rate per unit length is 

q = 1.29 x 0.5W/m • K (175 - 5)° C = 110 W/m. < 

COMMENTS: The heat gain to the cooler pipe line will be larger than 110 W/m if the soil 
temperature is greater than 5°C. How would you estimate the heat gain if the soil were at 25°C? 


4x(0.5m) 2 -(0.1m) 2 -(0.075m) 2 
2x0.lmx0.075m 


■ 2n /cosh' 1 (65.63) 



PROBLEM 4.19 


KNOWN: Tube embedded in the center plane of a concrete slab. 

FIND: (a) The shape factor and heat transfer rate per unit length using the appropriate tabulated 
relation, (b) Shape factor using flux plot method. 

SCHEMATIC: 



ASSUMPTIONS: (1) Two-dimensional conduction, (2) Steady-state conditions, (3) Constant 
properties, (4) Concrete slab infinitely long in horizontal plane, L » z. 

PROPERTIES: Table A-3, Concrete, stone mix (300K): k = 1.4 W/m-K. 

ANALYSIS: (a) If we relax the restriction that z » D/2, the embedded tube-slab system 
corresponds to the fifth case of Table 4.1. Hence, 


fn (8 z/7T D) 

where L is the length of the system normal to the page, z is the half-thickness of the slab and D is the 
diameter of the tube. Substituting numerical values, find 

S = 2k \Jt n( 8x50mm/;t 50mm) = 6.72L. 

Hence, the heat rate per unit length is 

q / =-3-=-k(T 1 -T 2 ) =6.72x1.4—^—(85 -20)° C = 612 W. 

L L m ■ K 

(b) To find the shape factor using the flux plot method, first identify the symmetrical section bounded 
by the symmetry adiabats formed by the horizontal and vertical center lines. Selecting four 
temperature increments (N = 4), the flux plot can then be constmcted. 



From Eq. 4.26, the shape factor of the symmetrical section is 
S G = ML/N = 6L/4 = 1.5L. 

For the tube-slab system, it follows that S = 4S 0 = 6.0L, which compares favorably with the result 
obtained from the shape factor relation. 



PROBLEM 4.20 

KNOWN: Dimensions and boundary temperatures of a steam pipe embedded in a concrete casing. 
FIND: Heat loss per unit length. 

SCHEMATIC: 


Concrete 


I* - 'N-l.Sm — *j 



= 450/C 
= 300K 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible steam side convection resistance, 
pipe wall resistance and contact resistance (T| = 450K), (3) Constant properties. 

PROPERTIES: Table A-3, Concrete (300K): k=1.4W/mK. 

ANALYSIS: The heat rate can be expressed as 
q = SkAT 1 _ 2 =Sk(T 1 —T 2 ) 


From Table 4.1, the shape factor is 
2;tL 


S =- 


in 


1.08 w 
D 


Hence, 


27tk(T 1 -T 2 ) 


in 


1.08 w 
D 


, 27ixl.4W/m-Kx(450-300)K 

q =-,- -;-— = 1122 W/m. 


in 


1.08x1.5m 
0.5m 


< 


COMMENTS: Having neglected the steam side convection resistance, the pipe wall resistance, 
and the contact resistance, the foregoing result overestimates the actual heat loss. 




PROBLEM 4.21 

KNOWN: Thin-walled copper tube enclosed by an eccentric cylindrical shell; intervening space filled 
with insulation. 


FIND: Heat loss per unit length of tube; compare result with that of a concentric tube-shell 
arrangement. 


SCHEMATIC: 


d=30imn 

D^lZOmm 

Insulation 
k--0 05Wlm-K 



Tj=Q5°C, copper tube 
£t~ Z. = 2.0mm 
- T, =35°C. shell 


ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Thermal resistances of 
copper tube wall and outer shell wall are negligible, (4) Two-dimensional conduction in insulation. 

ANALYSIS: The heat loss per unit length written in terms of the shape factor S is 
c\ = k (S/f) (T| —T 2 ) and from Table 4.1 for this geometry, 

D 2 +d 2 -4z 2 
2Dd ' 

Substituting numerical values, all dimensions in mm, 

— = 2ji /cosh' 1 

i 

Hence, the heat loss is 

q , = 0.05W/m-Kx4.99l(85-35)°C =12.5 W/m. < 

If the copper tube were concentric with 
the shell, but all other conditions were 
the same, the heat loss would be 

, _ 27tk(T 1 -T 2 ) 
qc £n{D 2 /D l ) 

using Eq. 3.27. Substituting numerical 
values, 

q' c = 271x0.05-^(85 — 35)° C//n( 120 
m- K V 

q' c =11.3 W/m. 

COMMENTS: As expected, the heat loss with the eccentric arrangement is larger than that for the 
concentric arrangement. The effect of the eccentricity is to increase the heat loss by (12.5 - 11.3)/11.3 
- 11%. 



120 2 +30 2 -4(20) 2 
2x120x30 


2;t /cosh' 1 (1.903) = 4.991. 


— = 27t /cosh' 1 

i 



PROBLEM 4.22 


KNOWN: Cubical furnace, 350 mm external dimensions, with 50 mm thick walls. 
FIND: The heat loss, q(W). 

SCHEMATIC: 


— 0.55m 


Cross-secf'tonal 
view 



k L-SOmm 

T Z -75°C 

Fireclay brick 


ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties. 

PROPERTIES: Table A-3, Fireclay brick (f = (T, + T 2 )/2 = 610K): k - 1.1 W/m ■ K. 
ANALYSIS: Using relations for the shape factor from Table 4.1, 

Plane Walls (6) S w =- = 0-25x0.25m = j 25m 

L 0.05m 

Edges (12) S E = 0.54D = 0.54x 0.25m = 0.14m 

Comers (8) S E = 0.15L = 0.15x0.05m = 0.008m. 

The heat rate in terms of the shape factors is 

q=kS(T 1 -T 2 ) = k(6S w + 12S E + 8S c ) (Ti-T 2 ) 

W 

q = 1.1—— (6x1.25m+l2x0.14m+0.15x0.008m) (600-75) C 

q = 5.30 kW. < 

COMMENTS: Note that the restrictions for S E and Sq have been met. 




PROBLEM 4.23 


KNOWN: Dimensions, thermal conductivity and inner surface temperature of furnace wall. Ambient 
conditions. 

FIND: Heat loss. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Uniform convection coefficient over entire outer surface of 
container. 


ANALYSIS: From the thermal circuit, the heat loss is 
T ■ -T 

X S,1 x oo 

q =- 1 - 

Rcond(2D) + Rconv 

where R conv = l/hA s , 0 = l/6(hW 2 ) = l/6[5 W/m 2 K(5 m) 2 ] = 0.00133 K/W. From Eq. (4.27), the two- 
dimensional conduction resistance is 

Rcond(2D) = ^ 

where the shape factor S must include the effects of conduction through the 8 corners, 12 edges and 6 
plane walls. Hence, using the relations for Cases 8 and 9 of Table 4.1, 

S = 8 (0.15 L) +12x0.54 (W -2L) +6 A si /L 

where A Sji = (W - 2L) 2 . Hence, 

S = [8 (0.15 x 0.35)+ 12x0.54 (4.30)+ 6 (52.83)] m 

S = (0.42 + 27.86 + 316.98)m = 345.26m 


and R c . 


, = 1/(345.26 m x 1.4 W/m-K) = 0.00207 K/W. Hence 


(1100-25) C 

q = 7 --- — = 316kW 

(0.00207+ 0.00133) K/W 


COMMENTS: The heat loss is extremely large and measures should be taken to insulate the furnace. 




PROBLEM 4.24 

KNOWN: Platen heated by passage of hot fluid in poor thermal contact with cover plates exposed 
to cooler ambient air. 

FIND: (a) Heat rate per unit thickness from each channel, q[, (b) Surface temperature of cover 
plate, T s , (c) qj and T s if lower surface is perfectly insulated, (d) Effect of changing centerline 
spacing on q'j and T s 


SCHEMATIC: 


Coyer plate, B 
Plate , A 


Contact resistance 



Coyer plate, 


D=15 mm L o =60 mm 

La= 30 mm Lb= 7.5 mm 

Ti=150°C hplOOO W/m“K 

Too=25°C ho=200W/m 2 K 

k A =20W/mK k B =75 W/m-K 
Rj c =2.0xl0^ 4 m 2 -K/W 


ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction in platen, but 
one-dimensional in coverplate, (3) Temperature of interfaces between A and B is uniform, (4) 
Constant properties. 

ANALYSIS: (a) The heat rate per unit thickness from each channel can be determined from the 
following thermal circuit representing the quarter section shown. 



NbBh) k A S‘ LjZ kjLjz) h 0 (Ljz) 



The value for the shape factor is S' = 1.06 as determined from the flux plot shown on the next page. 
Hence, the heat rate is 

q / i=4(T i -T 00 )/R' tot (1) 

R' tot =[1/1000 W/m 2 K(7t0.015m/4) + l/20 W/m - Kxl.06 

+ 2.0xl0 _4 m 2 ■ K/W(0.060m/2) +0.0075m/75 W/m-K(0.060m/2) 

+ 1/200 W/m 2 ■ K(0.060m/2)] 

R' tot = [0.085 +0.047 +0.0067 +0.0033 +0.1667] m- K/W 
R' tot = 0.309 m ■ K/W 


q'i = 4(150- 25)K/0.309 m ■ K/W = 1.62 kW/m. 

(b) The surface temperature of the cover plate also follows from the thermal circuit as 
T -T 

q-/4= \ °° . 

l/h 0 (L 0 /2) 


< 

( 2 ) 


Continued 




T s - Too + 


qi 


4 h 0 (L 0 /2) 


PROBLEM 4.24 (Cont.) 

= 25°C+ 1-62 kW xO.167 m - K/W 


T s = 25°C +67.6°C ~ 93°C. < 

(c,d) The effect of the centerline spacing on q'j and T s can be understood by examining the relative 
magnitudes of the thermal resistances. The dominant resistance is that due to the ambient air 
convection process which is inversely related to the spacing L 0 . Hence, from Eq. (1), the heat rate 
will increase nearly linearly with an increase in L 0 , 

, 1 _ 1 
qi ~R; ot l/h 0 (L 0 /2) 

From Eq. (2), find 

qi 1 


L 0 . 


AT — T s Too — 


4 h 0 (L 0 /2) 


qi ■ L 0 ~ L 0 ■ L 0 


1 . 


Hence we conclude that AT will not increase with a change in L 0 . Does this seem reasonable? 
What effect does L 0 have on Assumptions (2) and (3)? 

If the lower surface were insulated, the heat rate would be decreased nearly by half. This follows 
again from the fact that the overall resistance is dominated by the surface convection process. The 

temperature difference, T s - Too, would only increase slightly. 



5 '=S/l=M/N- +.25/4 =1.06 


PROBLEM 4.25 

KNOWN: Long constantan wire butt-welded to a large copper block forming a thermocouple junction 
on the surface of the block. 

FIND: (a) The measurement error (Tj - T c ) for the thermocouple for prescribed conditions, and (b) 
Compute and plot (Tj - T c ) for h = 5, 10 and 25 W/m 2 -K for block thermal conductivity 15 < k < 400 
W/m-K. When is it advantageous to use smaller diameter wire? 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Thermocouple wire behaves as a fin with constant 
heat transfer coefficient, (3) Copper block has uniform temperature, except in the vicinity of the junction. 

PROPERTIES: Table A-l, Copper (pure, 400 K), k b = 393 W/m-K; Constantan (350 K), k t » 25 
W/m-K. 

ANALYSIS: The thermocouple wire behaves as a long fin permitting heat to flow from the surface 
thereby depressing the sensing junction temperature below that of the block T 0 . In the block, heat flows 
into the circular region of the wire-block interface; the thermal resistance to heat flow within the block is 
approximated as a disk of diameter D on a semi-infinite medium (k b , T 0 ). The thermocouple-block 
combination can be represented by a thermal circuit as shown above. The thermal resistance of the fin 
follows from the heat rate expression for an infinite fin, R fm = (hPk t A c ) l/2 . 

From Table 4.1, the shape factor for the disk-on-a-semi-infinite medium is given as S = 2D and hence 
Rbiock = l/k b S = l/2k b D. From the thermal circuit, 

T 0 — T; — -- (T 0 -T M ) =-—-(125-25)° C = 0.001(125-25)° C = 0.1°C.< 

' R fin + R block ' 1273 + 1.27 ' 

2 

with P = 7tD and A c = 7tD74 and the thermal resistances as 

( 3V 1/2 

R fin = 10w/m“ • K(7r/4)25 W/m- Kx|lxl0 -3 mj =1273K/W 

V > 

Rb^k = (V 2 ) x 393 w / m • K x 10“ 3 m = 1.27 K/W. 

(b) We keyed the above equations into the IHT workspace, performed a sweep on k b for selected values 
of h and created the plot shown. When the block thermal conductivity is low, the error (T 0 - Tj) is larger, 
increasing with increasing convection coefficient. A smaller diameter wire will be advantageous for low 
values of k b and higher values of h. 



Block thermal conductivity, kb (W/m.K) 


—x— h = 25 W/m A 2.K; D = 1 mm 

- h = 10 W/m A 2.K; D = 1mm 

—©— h = 5 W/m A 2.K; D = 1 mm 
— A — h = 25 W/m A 2.K; D = 5 mm 




PROBLEM 4.26 


KNOWN: Dimensions, shape factor, and thermal conductivity of square rod with drilled interior hole. 
Interior and exterior convection conditions. 


FIND: Heat rate and surface temperatures. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties, (3) Uniform 
convection coefficients at inner and outer surfaces. 


ANALYSIS: The heat loss can be expressed as 
Too,l - Too,2 

q =- 

R conv,l + R cond(2D) + R conv,2 

where 

R conv,l =( h F D l L r 1 =( 50w / m2Kx ^ x0 - 25mx2m ) 1 = 0.01273 K/W 
R cond(2D) =( Sk F 1 = (8.59mxl50W/mK) _1 =0.00078 K / W 


R conv,2 

Hence, 


(h2x4wL) *=|4w/m 2 


Kx4mxlm 


1 

= 0.0625 K/W 


(300-25)° C 
0.076 K/W 


3.62 kW 


Tl = Too,i - qRconvd = 300° C - 46° C = 254° C 
T 2 = Too, 2 + q R conv,2 = 25°C + 226°C = 251°C 


< 

< 

< 


COMMENTS: The largest resistance is associated with convection at the outer surface, and the 
conduction resistance is much smaller than both convection resistances. Hence, (T 2 - T«,, 2 ) > (T^.i - Ti) 
»(Ti - T 2 ). 



PROBLEM 4.27 


KNOWN: Long fin of aluminum alloy with prescribed convection coefficient attached to different base 
materials (aluminum alloy or stainless steel) with and without thermal contact resistance R[ j at the 

junction. 

FIND: (a) Heat rate q f and junction temperature Tj for base materials of aluminum and stainless steel, 
(b) Repeat calculations considering thermal contact resistance, R[ j, and (c) Plot as a function of h for 

the range 10 < h < 1000 W/m-K for each base material. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Infinite fin. 
PROPERTIES: (Given) Aluminum alloy, k = 240 W/m-K, Stainless steel, k = 15 W/m-K. 
ANALYSIS: (a,b) From the thermal circuits, the heat rate and junction temperature are 
_ T b -T QO _ T b - 

Rtot Rb + Rt, j + Rf 


(1) 


Tj=T 00 +qfRf (2) 

and, with P = TtD and A c = 7lD 2 /4, from Tables 4.1 and 3.4 find 
R b =1/Sk b =l/(2Dk b ) = (2x0.005 mxk b )“' 

R t j = Rj j j A c = 3xl0~ 5 m 2 ■ K/W /n (0.005 m) 2 /4 = 1.528 K/W 

r n—1/2 

R f =(hPkA c ) _1/2 = 50w/m 2 ■ K;r 2 (0.005m) 2 240W/m ■ K/4 =16.4K/W 


Without R b j With R b j 


Base 

Rb (K/W) 

q f (W) 

Tj (°C) 

q f (W) 

Tj (°C) 

A1 alloy 

0.417 

4.46 

98.2 

4.09 

92.1 

St. steel 

6.667 

3.26 

78.4 

3.05 

75.1 


(c) We used the IHT Model for Extended Surfaces , Performance Calculations, Rectangular Pin Fin to 
calculate q f for 10 < h < 100 W/nr-K by replacing R j c (thermal resistance at fin base) by the sum of the 

contact and spreading resistances, Rj j + R b . 


Continued... 



PROBLEM 4.27 (Cont.) 



Base material - aluminum alloy 
Base material - stainless steel 


COMMENTS: (1) From part (a), the aluminum alloy base material has negligible effect on the fin heat 
rate and depresses the base temperature by only 2°C. The effect of the stainless steel base material is 
substantial, reducing the heat rate by 27% and depressing the junction temperature by 25°C. 

(2) The contact resistance reduces the heat rate and increases the temperature depression relatively more 
with the aluminum alloy base. 

(3) From the plot of q f vs. h, note that at low values of h, the heat rates are nearly the same for both 
materials since the fin is the dominant resistance. As h increases, the effect of Rjj becomes more 
important. 




PROBLEM 4.28 


KNOWN: Igloo constructed in hemispheric shape sits on ice cap; igloo wall thickness and 
inside/outside convection coefficients (h;, h D ) are prescribed. 

FIND: (a) Inside air temperature T x ■ when outside air temperature is T mo = -40°C assuming occupants 
provide 320 W within igloo, (b) Perform parameter sensitivity analysis to determine which variables have 
significant effect on TV 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Convection coefficient is the same on floor and 
ceiling of igloo, (3) Floor and ceiling are at uniform temperature, (4) Floor-ice cap resembles disk on 
semi-infinite medium, (5) One-dimensional conduction through igloo walls. 

PROPERTI E S: Ice and compacted snow (given): k = 0.15 W/m-K. 

ANALYSIS: (a) The thermal circuit representing the heat loss from the igloo to the outside air and 
through the floor to the ice cap is shown above. The heat loss is 

Tooi-T^o T^j-Tjc 

q =-----+---• 

Rcv.c + ^wall + ^cv,o Rcv.f + ^cap 

2 2 . 

Convection, ceiling: R cvc = — i -r =- : -— = 0.00819 K/W 

hj 147rrf j 6W/m 2 Kx47r(l.8m)- 

2 2 . 

Convection, outside: R cv 0 =--r =-:-— = 0.00201 K/W 

h 0 l47rr 2 ) 15W/m 2 Kx47r(2.3m)- 

Convection, floor: R cv f = —-—— =--— -— = 0.01637 K/W 

hil^ 2 ) 6 W/ m 2 • Kxi(l.8m)“ 


Conduction, wall: 


Rwdi — 2 


11 1 

- =2 

4^k I q r 0 I 


4;r x0.15 W/m • K i 1.8 2.3 


-— m = 0.1281 K/W 


1 1 


Conduction, ice cap: R C an = — = - = 


kS 4kq 4x0.15W/mKxl.8m 


= 0.9259 K/W 


where S was determined from the shape factor of Table 4.1. Hence, 


Tc i-(-40) C T ooi -(-20) C 

q = 320 W = --—---- + 7 -—- . t 

(0.00818 + 0.1281 + 0.0020) K/W (0.01637 + 0.9259) K/W 


320 W = 7.232(T ooi + 40) + 1.06(T o 


Tooj = 1.1°C. 


Continued... 




PROBLEM 4.28 (Cont.) 


(b) Begin the parameter sensitivity analysis to determine important variables which have a significant 
influence on the inside air temperature by examining the thermal resistances associated with the 
processes present in the system and represented by the network. 

_ Process _ Symbols _ Value (K/W) _ 


Convection, outside 

R-cv,o 

R21 

0.0020 

Conduction, wall 

R-wall 

R32 

0.1281 

Convection, ceiling 

R-CV,C 

R43 

0.0082 

Convection, floor 

^cv,f 

R54 

0.0164 

Conduction, ice cap 

Reap 

R65 

0.9259 


It follows that the convection resistances are negligible relative to the conduction resistance across the 
igloo wall. As such, only changes to the wall thickness will have an appreciable effect on the inside air 
temperature relative to the outside ambient air conditions. We don’t want to make the igloo walls thinner 
and thereby allow the air temperature to dip below freezing for the prescribed environmental conditions. 

Using the IHT Thermal Resistance Network Model, we used the circuit builder to construct the network 
and perform the energy balances to obtain the inside air temperature as a function of the outside 
convection coefficient for selected increased thicknesses of the wall. 



Outside coefficient, ho (W/m A 2.K) 


Wall thickness, (ro-ri) = 0.5 m 
(ro-ri) = 0.75 m 
(ro-ri) = 1.0 m 


COMMENTS: (1) From the plot, we can see that the influence of the outside air velocity which 
controls the outside convection coefficient h Q is negligible. 

(2) The thickness of the igloo wall is the dominant thermal resistance controlling the inside air 
temperature. 



PROBLEM 4.29 


KNOWN: Diameter and max im um allowable temperature of an electronic component. Contact 
resistance between component and large aluminum heat sink. Temperature of heat sink and 
convection conditions at exposed component surface. 

FIND: (a) Thermal circuit, (b) Maximum operating power of component. 

SCHEMATIC: 



iz=x°c 


{>A =25WlmZ-K 


Epoxy,Rf c -0.5x10 m 2 K/W~\\£_[ _ ^Electronic component, 


AI block, 
k=257W/m-K 



0.01m — >1 






T C 400X, P 

T b --Z5°C 


ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible heat loss 
from sides of chip. 

ANALYSIS: (a) The thermal circuit is: 



where R2D,cond is evaluated from the shape factor S = 2D of Table 4.1. 

(b) Performing an energy balance for a control surface about the component, 

P=qair+q S ink=h(jt D 2 /4)(T C -T„) +- - 

V ' n " / / — / a 1 


R 


[c/(it D 2 /4) 


D^/4 +l/2Dk 


P = 25 W/m z ■ K(7t/4) (0.01 m) 2 75°C + w 


75°C 


| 0.5xl0' 4 /(7t/4)(0.0l) 2 +(0.02x237) ! Jk/W 


P =0.15 W + 


75° C 


(0.64+0.21) K/W 


= 0.15 W +88.49 W=88.6 W. 


COMMENTS: The convection resistance is much larger than the cumulative contact and 
conduction resistance. Hence, virtually all of the heat dissipated in the component is transferred 
through the block. The two-dimensional conduction resistance is significantly underestimated by use 
of the shape factor S = 2D. Hence, the maximum allowable power is less than 88.6 W. 





PROBLEM 4.30 


KNOWN: Disc-shaped electronic devices dissipating 100 W mounted to aluminum alloy block with 
prescribed contact resistance. 

FIND: (a) Temperature device will reach when block is at 27°C assuming all the power generated by the 
device is transferred by conduction to the block and (b) For the operating temperature found in part (a), 
the permissible operating power with a 30-pin fin heat sink. 

SCHEMATIC: 



(a) 

ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Device is at uniform temperature, 
Ti, (3) Block behaves as semi-infinite medium. 

PROPERTIES: Table A.l, Aluminum alloy 2024 (300 K): k = 177 W/m-K. 

ANALYSIS: (a) The thermal circuit for the conduction heat flow between the device and the block 
shown in the above Schematic where R e is the thermal contact resistance due to the epoxy-filled 
interface, 

Re=R;,c/A c =Rlc/(*D 2 A) 

R e = 5xl0~ 5 K • m 2 /\V /|?r(0.020 m) 2 J/4 = 0.159K/W 

The thermal resistance between the device and the block is given in terms of the conduction shape factor, 
Table 4.1, as 

R b = 1/Sk = l/(2Dk) 

R b = l/(2x 0.020 mx 177 W/m-K) = 0.141K/W 
From the thermal circuit, 

T 1 =T 2 +c ld( R b + R e) 

= 27°C + 100W (0.141+ 0.159) K/W 

T^ = 27°C + 30°C = 57°C < 

(b) The schematic below shows the device with the 30-pin fin heat sink with fins and base material of 
copper (k = 400 W/m-K). The airstream temperature is 27°C and the convection coefficient is 1000 
W/m 2 K. 


Continued... 



PROBLEM 4.30 (Cont.) 



Vd 


The thermal circuit for this system has two paths for the device power: to the block by conduction. q cd , 
and to the ambient air by conduction to the fin array. q cv , 


q d = Tl-T 2 + Ti-T„ - 

Rb + R e R e + Rc + Rfin 

where the thermal resistance of the fin base material is 

L c _ 0.005 m 

Xv c ~ r 

k c A c 400W/mKl^0.02 2 /4Jm 2 


0.03979 K/W 


(3) 


(4) 


and R fin represents the thermal resistance of the fin array (see Section 3.6.5), 
Rfin = R t.o = 


77 0 hA t 

7 7o= 1 -^ L ( 1 - ? 7 f ) 


where the fin and prime surface area is 


(5,3.103) 

(6,3.102) 


A t = NAf + A b 
A t =N(;rD f L) + 


(3.99) 


ttD^/4-N 


K/ 4 ) 


where A f is the fin surface area, D d is the device diameter and D f is the fin diameter. 

A t =30(^x0.0015mx0.015m) + 


% (0.020m) 2 /4-30(;r(0.0015m) 2 A 


A, = 0.06362 m 2 + 0.0002611 m 2 = 0.06388 m 2 

Using the IHTModel, Extended Surfaces, Performance Calculations, Rectangular Pin Fin, find the fin 
efficiency as 

rjf = 0.8546 (7) 


Continued... 



PROBLEM 4.30 (Cont.) 


Substituting numerical values into Eq. (6), find 

. 30x;rx0.0015mx0.015m 
Vo =1 -x- (1-0.8546) 

0.06388 m 2 

77 0 =0.8552 

and the fin array thermal resistance is 

Rfin =- A -y = 0.01831K/W 

0.8552x1000 W/m 2 ■ Kx0.06388m 2 

Returning to Eq. (3), with Ti = 57°C from part (a), the permissible heat rate is 

(57-27 )°C i (57-27)° C 

qd ~~ (0.141 + 0.159) K/W + (0.159+ 0.03979+ 0.01831)K/W 

q d = 100 W +138.2 W = 238 W < 

COMMENTS: (1) Recognize in the part (b) analysis, that thermal resistances of the fin base and array 
are much smaller than the resistance due to the epoxy contact interfaces. 

(2) In calculating the fin efficiency, %, using the IHT Model it is not necessary to know the base 
temperature as % depends only upon geometric parameters, thermal conductivity and the convection 
coefficient. 



PROBLEM 4.31 


KNOWN: Dimensions and surface temperatures of a square channel. Number of chips mounted on 
outer surface and chip thermal contact resistance. 

FIND: Heat dissipation per chip and chip temperature. 

SCHEMATIC: 



Heat sink 
N = 120, q c ,T c 

R tiC = 0.2 K/W 


w = 0.025 m 
W = 0.040 m 


ASSUMPTIONS: (1) Steady state, (2) Approximately uniform channel inner and outer surface 
temperatures, (3) Two-dimensional conduction through channel wall (negligible end-wall effects), (4) 
Constant thermal conductivity. 

ANALYSIS: The total heat rate is determined by the two-dimensional conduction resistance of the 
channel wall, q = (T 2 - Ti)/Rt, C ond(2D)> with the resistance determined by using Eq. 4.27 with Case 11 
of Table 4.1. For W/w = 1.6 > 1.4 


R t,cond(2D) 


0.930 ln(W/w)-0.050 
2k L k 


_ 0.387 _ 

2k (0.160m)240 W/m-K 


= 0.00160 K/W 


The heat rate per chip is then 

T2-T1 


q c = 


(50-20)°C 


NR t,eond(2D) 120(0.0016 K/W) 


= 156.3 W 


< 


and, with q c = (T c - T2)/Rt. c > the chip temperature is 

T c =T 2 +Rt, c q c =50°C + (0.2 K/W)l56.3 W = 81.3°C < 

COMMENTS: (1) By acting to spread heat flow lines away from a chip, the channel wall provides 
an excellent heat sink for dissipating heat generated by the chip. However, recognize that, in practice, 
there will be temperature variations on the inner and outer surfaces of the channel, and if the 
prescribed values of T | and T 2 represent minimum and maximum inner and outer surface 
temperatures, respectively, the rate is overestimated by the foregoing analysis. (2) The shape factor 
may also be determined by combining the expression for a plane wall with the result of Case 8 (Table 

4.1). With S = [4(wL)/(W-w)/2] + 4(0.54 L) = 2.479 m, R t , C ond(2D) = l/(Sk) = 0.00168 K/W. 




PROBLEM 4.32 


KNOWN: Dimensions and thermal conductivity of concrete duct. Convection conditions of ambient 
air. Inlet temperature of water flow through the duct. 

FIND: (a) Heat loss per duct length near inlet, (b) Minimum allowable flow rate corresponding to 
maximum allowable temperature rise of water. 

SCHEMATIC: 



Concrete 
k = 1.4 W/m-K 


Ti Too 

Rcond(2D) Rconv 


-► 

q 


ASSUMPTIONS: (1) Steady state, (2) Negligible water-side convection resistance, pipe wall 
conduction resistance, and pipe/concrete contact resistance (temperature at inner surface of concrete 
corresponds to that of water), (3) Constant properties, (4) Negligible flow work and kinetic and 
potential energy changes. 

ANALYSIS: (a) From the thermal circuit, the heat loss per unit length near the entrance is 


q = 


T -T 

A 1 1 o 


R cond(2D) 


+r: 


conv 


T- -T 

x oo 

In (1.08 w/D) 1 
2?rk h(4w) 


where Rcond(2D) obtained by using the shape factor of Case 6 from Table 4.1 with Eq. (4.27). 
Hence, 


(90-0)°C 

In (l .08 X 0.3m/0.15m) 1 

2i(l.4W/m-K) 25 W/m 2 • K(l.2m) 


90°C 

-= 745 W / m 

(0.0876+ 0.0333)K-m/W 


< 


(b) From Eq. (1.1 le), with q = qL and (Tj — T 0 ) = 5°C, 

q'L q'L 745W/m(l00m) , 

m = —-= ——-- =- - -- = 3.54 kg /s 

uj-u 0 c(Tj -T 0 ) 4207 J/kg■ K(5°C) 


< 


COMMENTS: The small reduction in the temperature of the water as it flows from inlet to outlet 
induces a slight departure from two-dimensional conditions and a small reduction in the heat rate per 
unit length. A slightly conservative value (upper estimate) of m is therefore obtained in part (b). 



PROBLEM 4.33 


KNOWN: Dimensions and thermal conductivities of a heater and a finned sleeve. Convection 
conditions on the sleeve surface. 

FIND: (a) Heat rate per unit length, (b) Generation rate and centerline temperature of heater, (c) 
Effect of fin parameters on heat rate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady state, (2) Constant properties, (3) Negligible contact resistance 
between heater and sleeve, (4) Uniform convection coefficient at outer surfaces of sleeve, (5) Uniform 
heat generation, (6) Negligible radiation. 

ANALYSIS: (a) From the thermal circuit, the desired heat rate is 
T — T T — T 

q' __ X S 1 oo __ X S 

R cond(2D) +R t,o R tot 

The two-dimensional conduction resistance, may be estimated from Eq. (4.27) and Case 6 of Table 
4.2 


r: 


com 


d(2D) 


1 ln(l.08w/D) ln(2.16) 


S'ko 


2?rk s 2;r(240W/m-K) 


= 5.11xlO“ 4 mK/W 


The thermal resistance of the fin array is given by Eq. (3.103), where T| () and A t are given by Eqs. 

(3.102) and (3.99) and q f is given by Eq. (3.89). With L c = L + t/2 = 0.022 m, m = (2h/k s t) 1/2 = 32.3 
m 1 and mL c = 0.710, 


Vf 


tanh mL r 0.61 _ _ , 

c - - 0.86 


mL r 


0.71 


A' t = NAf +Ab = N (2L +1) + (4w-Nt) = 0.704m + 0.096m = 0.800m 

. NAf,. , . 0.704m,-.., 00 

77o =1-^(l-77f ) = 1-(0.14) = 0.88 

° A' t V ’ 0.800m v ’ 

R t,o = (»7o h A t F 1 = (0.88x500 w/m2 - Kx 0.80m) 1 = 2.84xlO“ 3 mK/W 
, (300-50)°C 


(5. 


llxlO -4 + 2.84xl0 -3 W-K/W 


: 74,600 W / m 


(b) Eq. (3.55) may be used to determine q, if h is replaced by an overall coefficient based on the 
surface area of the heater. From Eq. (3.32), 



PROBLEM 4.33 (Cont.) 

U S A' S = U s ttD = (R' tot ) -1 = (3.35 m-K/W) -1 =298 W/m-K 


U s = 298 W / m ■ K / (tt x0.02m) = 4750 W / m 2 ■ K 

q = 4U S (T s -T qo )/D = 4^4750W/m 2 ■ k|( 250°C)/0.02m = 2.38xl0 8 W/m 2 < 


From Eq. (3.53) the centerline temperature is 

\2 


t(o) = 


q(D/2) ' 

4k h 


+ T S = 


2.38x10 s W/nW(0.01m)' 
4(400W/m-K) 


+ 300°C = 315°C 


(c) Subject to the prescribed constraints, the following results have been obtained for parameter 
variations corresponding to 16 < N < 40, 2 < t < 8 mm and 20 < L < 40 mm. 


N 

t(mm) 

L(mm) 

m 

q'(W/m) 

16 

4 

20 

0.86 

74,400 

16 

8 

20 

0.91 

77,000 

28 

4 

20 

0.86 

107,900 

32 

3 

20 

0.83 

115,200 

40 

2 

20 

0.78 

127,800 

40 

2 

40 

0.51 

151,300 


Clearly there is little benefit to simply increasing t, since there is no change in A[ and only a 
marginal increase in l]f . However, due to an attendant increase in A[, there is significant benefit to 
increasing N for fixed t (no change in r/f ) and additional benefit in concurrently increasing N while 
decreasing t. In this case the effect of increasing A[ exceeds that of decreasing TJf . The same is 

true for increasing L, although there is an upper limit at which diminishing returns would be reached. 
The upper limit to L could also be influenced by manufacturing constraints. 

COMMENTS: Without the sleeve, the heat rate would be q = ttDIi (T s — ) = 7850 W / m, 

which is well below that achieved by using the increased surface area afforded by the sleeve. 



PROBLEM 4.34 


KNOWN: Dimensions of chip array. Conductivity of substrate. Convection conditions. Contact 
resistance. Expression for resistance of spreader plate. Maximum chip temperature. 

FIND: Maximum chip heat rate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Constant thermal conductivity, (3) Negligible radiation, (4) 
All heat transfer is by convection from the chip and the substrate surface (negligible heat transfer 
from bottom or sides of substrate). 

ANALYSIS: From the thermal circuit. 


q = qh+q sp 


Th -Tqq t _ T h -Tqq _ 

Rh,cnv R t(sp) + R t,c + Rsp,cnv 


Rh 


,cnv - 




100 W/m 2 K (0.005m) 2 


= 400 K/W 


R t(sp) 


1-1.410 A r +0.344 aJ +0.043 Ar +0.034 A 2 
4k sub L h 


1-0.353 + 0.005 + 0 + 0 
4(80W/mK)(0.005m) 


0.408 K/W 


R 


t,c 



0.5xl0 _4 m 2 K/W 
(0.005m) 2 


2.000 K/W 


R 


sp,cnv 



100W/m 2 • K^O-OlOm 2 


-0.005m 2 



133.3K/W 


70°C 70°C 

400K/W + (0.408 + 2 + 133.3)K/W 


= 0.18W + 0.52W = 0.70W 


< 


COMMENTS: (1) The thermal resistances of the substrate and the chip/substrate interface are much 
less than the substrate convection resistance. Hence, the heat rate is increased almost in proportion to 
the additional surface area afforded by the substrate. An increase in the spacing between chips (Sh) 
would increase q correspondingly. 

1/2 

(2) In the limit A r —» 0, R t ^ S p j reduces to 2 K k su | 1 D[ 1 for a circular heat source and 4k su ( 1 L) 1 
for a square source. 




PROBLEM 4.35 


KNOWN: Internal comer of a two-dimensional system with prescribed convection boundary 
conditions. 

FIND: Finite-difference equations for these situations: (a) Horizontal boundary is perfectly insulated 

and vertical boundary is subjected to a convection process (Too.h), (b) Both boundaries are perfectly 
insulated; compare result with Eq. 4.45. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties, (4) No internal generation. 

ANALYSIS: Consider the nodal network shown above and also as Case 2, Table 4.2. Having 
defined the control volume - the shaded area of unit thickness normal to the page - next identify the 
heat transfer processes. Finally, perform an energy balance wherein the processes are expressed 
using appropriate rate equations. 

(a) With the horizontal boundary insulated and the vertical boundary subjected to a convection process, 
the energy balance results in the following finite-difference equation: 

Ein-Eout=° qi + q2 + fi3 + 94 +95 + 96 =0 


k(Ayl) Vl ' n Tm ’ n +k 


+ 0+k 


Ax 

Ay 


Ax 


•1 


Em,n-1 E mn 
Ay 


+ h 


Ay 


•1 


(Too T mn ) 


•1 


T m+l,n T m,n | ^ T m,n+I T m,n =Q 

Ax { ’ Ay 


Letting Ax = Ay, and regrouping, find 


2(T m -l,n +T m?n+ q) +(T m+ p n +T mn _i) + ^ T^ 


6 + 


hAx 


Tm,n _ 0- 


(b) With both boundaries insulated, the energy balance would have q3 = q4 = 0. The same result would 
be obtained by letting h = 0 in the previous result. Hence, 

2(T m -l,n+T mn+ |)+(T m+ p n +T mn _i)-6 T mn = 0. < 

Note that this expression compares exactly with Eq. 4.45 when h = 0, which corresponds to insulated 
boundaries. 





PROBLEM 4.36 


KNOWN: Plane surface of two-dimensional system. 

FIND: The finite-difference equation for nodal point on this boundary when (a) insulated; compare 
result with Eq. 4.46, and when (b) subjected to a constant heat flux. 

SCHEMATIC: 


'U 



ASSUMPTIONS: (1) Two-dimensional, steady-state conduction with no generation, (2) Constant 
properties, (3) Boundary is adiabatic. 

ANALYSIS: (a) Performing an energy balance on the control volume, (Ax/2)-Ay, and using the 
conduction rate equation, it follows that 

Ei n —E OU (-—0 C[1 + Q2 fl3 — 0 (1>2) 


k(Ay-l) Tm ~ 1,n Tm ’ n +k 



Tm,n-1 Tm,n f 

"^L.i" 

Tm,n+1 T mn 

_ 2 

”r K. 

Ay 

_ 2 

Ay 


Ax 

Note that there is no heat rate across the control volume surface at the insulated boundary. 
Recognizing that Ax =Ay, the above expression reduces to the form 

2T m-l,n +T m,n-1 + T m,n+1 _ 4T m,n = °- 


=0. (3) 


(4) < 


The Eq. 4.46 of Table 4.3 considers the same configuration but with the boundary subjected to a 
convection process. That is, 


2hAx, 


( 2 T m -l,n +4 m ,n-l +T m ,n+1 ) + - 2 


hAx 


+ 2 


Tm,n _ 0- 


(5) 


Note that, if the boundary is insulated, h = 0 and Eq. 4.46 reduces to Eq. (4). 

(b) If the surface is exposed to a constant heat flux, q'j, the energy balance has the form 
qi + t\2 + q 3 + q* • Ay = 0 and the finite difference equation becomes 

2 Tm-l,n + T m ,n+1 _ 4T m?n = ^ 

COMMENTS: Equation (4) can be obtained by using the “interior node” finite-difference equation, 
Eq. 4.33, where the insulated boundary is treated as a symmetry plane as shown below. 

m.n+1 


m~l,Tt • 


- Plane of symmetry 

' (insulated surface) 


m-l,n 



m,n-l 1 





PROBLEM 4.37 


KNOWN: External comer of a two-dimensional system whose boundaries are subjected to 
prescribed conditions. 

FIND: Finite-difference equations for these situations: (a) Upper boundary is perfectly insulated and 
side boundary is subjected to a convection process, (b) Both boundaries are perfectly insulated; 
compare result with Eq. 4.47. 


SCHEMATIC: 


T m 


m-ljy r~ 

Xvsu/ated boundary *. 


Material, k 




T 


Ay/a 


a xJZ_ % Jrn,v 

I ▼ 7 


% 


\—7~„ i Boundary 

• exposed' +o 

convection process 


■Ti 


I 7 3 


_ _T-1 

% 


ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties, (4) No internal generation. 

ANALYSIS: Consider the nodal point configuration shown in the schematic and also as Case 4, Table 
4.2. The control volume about the node - shaded area above of unit thickness normal to the page - 
has dimensions, (Ax/2)(Ay/2) l. The heat transfer processes at the surface of the CV are identified as 

qp q 2 -. Perform an energy balance wherein the processes are expressed using the appropriate rate 
equations. 

(a) With the upper boundary insulated and the side boundary subjected to a convection process, the 
energy balance has the form 

Ein-Eout=° qi + q2 + q3 +c l4 =0 (1,2) 


>.l" 

Em-l,n E m n > f 

"^L.l" 

Tm,n-1 T m n > ^ 

\ n 

>.r 

_ 2 

\ K. 

Ax 

_ 2 

Ay 

_ 2 


-T, 


m,n 


)+ 0 = 0 . 


Letting Ax = Ay, and regrouping, find 


hAx 

x m,n-l + 1 m-l,n +—■ Uo 


1 hAx 
2~k~ 


+ 1 


Tm,n — 0- 


(3) < 


(b) With both boundaries insulated, the energy balance of Eq. (2) would have q 3 = q 4 = 0. The same 
result would be obtained by letting h = 0 in the finite-difference equation, Eq. (3). The result is 

T m,n-1 +T m-l,n~ 2T m n =0. < 

Note that this expression is identical to Eq. 4.47 when h = 0, in which case both boundaries are 
insulated. 

COMMENTS: Note the convenience resulting from formulating the energy balance by assuming 
that all the heat flow is into the node. 




PROBLEM 4.38 


KNOWN: Conduction in a one-dimensional (radial) cylindrical coordinate system with volumetric 
generation. 

FIND: Finite-difference equation for (a) Interior node, m, and (b) Surface node, n, with convection. 

SCHEMATIC: 

r Note: control volumes 
^ gre cylindrical shells V V <^t\ 

m i I % \",’i 1 »-i. \ 

Mtt 

r^-m&r^y^-l/ r=nAr^ J 1 


r- nAr¬ 


ia) Interior node, m (b) Surface node with convection, n 

ASSUMPTIONS: (1) Steady-state, one-dimensional (radial) conduction in cylindrical coordinates, 
(2) Constant properties. 

ANALYSIS: (a) The network has nodes spaced at equal Ar increments with m = 0 at the center; 
hence, r = mAr (or nAr). The control volume is V = 271 r ■ Ar • t = 2% (mAr) Ar • L The energy 
balance is Ej n +E „ =q a +q^ +qV =0 

i^ro-Trl"- Ar "Ll Tm-1 L-. /?! ^m+l ^m I 


, _ Ar . T m 1 - T, 

k 27t r- i m 1 -^ 

2 Ar 


23- +k 2 ti r+— l 
2 


- + q[27t (mAr)Ar(J = 0. 


Recognizing that r = mAr, canceling like terms, and regrouping find 
r i “i r i “i ™a..2 


m -“ T m-1+ m +- T m+l- 2mT m + 


qmAC 


(b) The control volume for the surface node is V =2 7t r • (Ar/2) • L The energy balance is 

Ej n +Eg = q(j +q conv + qV=0. Use Fourier’s law to express qq and Newton’s law of cooling for 


q CO nv to obtain 


k 2 tt r- i 

2 


Ar L \-l~ T n 


/\Y 

-+ h [ 2n rf](T 00 -T n ) + q 27t(nAr) — l =0. 


Let r = nAr, cancel like terms and regroup to find 


ll hnAr qnAr z hnAr 


n-T T n-1- n-- +^— T n + 


H-Too — 0. 


COMMENTS: (1) Note that when m or n becomes very large compared to Vi, the finite-difference 
equation becomes independent of m or n. Then the cylindrical system approximates a rectangular one. 

(2) The finite-difference equation for the center node (m = 0) needs to be treated as a special case. 
The control volume is 


2 

V = 7t (Ar/ 2) i and the energy balance is 


Ar Ll T l- T 0 


Ejn+E g =q a +qV = k 2tt — t 


+ q 7t — l =0. 


t'v Ar/a 


F 


Regrouping, the finite-difference equation is -T 0 +T, + --= 0. 

4k 



PROBLEM 4.39 


KNOWN: Two-dimensional cylindrical configuration with prescribed radial (Ar) and angular (At))) 
spacings of nodes. 

FIND: Finite-difference equations for nodes 2, 3 and 1. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction in cylindrical 
coordinates (r,4>), (3) Constant properties. 

ANALYSIS: The method of solution is to define the appropriate control volume for each node, to 
identify relevant processes and then to perform an energy balance. 

(a) Node 2. This is an interior node with control volume as shown above. The energy balance is 
Ej n = q' +q{, + q^. + c(} =0. Using Fourier’s law for each process, find 


3 . " 
q+-Ar 

i 

-©- 

< 

L 2 

1 J 


< T *- T *> +k (*) + 

(q +Ar)A(f> 


+ k 


c + —Ar 

2 


Ar 

At|) 


( T i ~ t 2) , x (Ti-T 2 ) 

V 1 27 +k(Ar) / 1 // =0. 


Ar 


Canceling terms and regrouping yields, 


-2 


(r i + Ar) + 


(Ar ) 1 


1 


(At))) 2 ( r i +Ar ) 



3 

T 2 + 

r; + —Ar 
_ 1 2 


T 5 + 


(q + Ar)A(|) 
(Ar) 2 

(q + Ar) (A(|))“ 


(T 3 + Ti)- 


q + —Ar 
2 


Tj =0. 


(b) Node 3. The adiabatic surface behaves as a symmetry surface. We can utilize the result of Part 
(a) to write the finite-difference equation by inspection as 


-2 


(q +Ar) + 


(Ar) 2 


1 


(At))) 2 ( r i + Ar) 



r 3 i 

t 3 + 

i 

i 

+ 

_i 


t 6 + 


2(Ar)‘ 


(q + Ar) (At)) )* 


-To + 


1 

q + —Ar 
2 


Tj =0. 


(c) Node 1. The energy balance is q^ +q[, +q^. +q'| =0. Substituting, 


3 A 

r; + —Ar 

2 


Atf) 

~2 


< T 4- T ') +kM Mzll + 

(q + Ar)A(f) 


Ar 


+k 


1 . 

q + — Ar 

2 


Atf) 

2 


(Ti-Ti) 


Ar 


+ h(Ar)(T oo -T 1 )=0 


This expression could now be rearranged. 


< 



PROBLEM 4.40 


KNOWN: Heat generation and thermal boundary conditions of bus bar. Finite-difference grid. 


FIND: Finite-difference equations for selected nodes. 

SCHEMATIC: 

L 





Mi 

t 


<61 

•7 


AX-Ay=L/2 # 8 

t -Ell 


12 13 

-^ T A 

-o 'oo> n JL 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties. 

ANALYSIS: (a) Performing an energy balance on the control volume, (Ax/2)(Ay/2) l, find the FDE 
for node 1, 


T 0 -Ti 


Rt, C / (Ay/2) 1 


+ h, 


y-l J(T„-T 1 )+ 


k( Ay/2-1) 


Ax 


(T 2 -Ti) 


+ k(A ^ 2 1) (T 6 -1i) + q[(Ax/ 2 )(Ay/ 2 ) 1 ]= 0 


(Ax/kRj )C ) T 0 +(h u Ax/k)T 00 +T 2 +T 6 


+ q(Ax) 2 /2k-|~( Ax/kRt c ) + (h u Ax/k) + 2~| Tj =0. 


< 


(b) Performing an energy balance on the control volume, (Ax)(Ay/2)-l, find the FDE for node 13, 

h 1 (Ax-l)(T M -T| 3 Hk/Ax)(Ay/24)(T|2-T 13 ) 

+ (k/Ay)(Ax l)(Tg -T| 3 ) + (k/Ax)(Ay/2-l)(Ti 4 - Tj 3 )+q(Ax* Ay/2'1) = 0 

(h 1 Ax/k)T 00 +l/2(T 12 +2T 8 +T 14 )+q(Ax) 2 /2k-(h 1 Ax/k+2)T 13 =0. < 


COMMENTS: For fixed T 0 and Too, the relative amounts of heat transfer to the air and heat sink 
are determined by the values of h and R[ c . 



PROBLEM 4.41 


KNOWN: Nodal point configurations corresponding to a diagonal surface boundary subjected to a 
convection process and to the tip of a machine tool subjected to constant heat flux and convection 
cooling. 

FIND: Finite-difference equations for the node m,n in the two situations shown. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, 2-D conduction, (2) Constant properties. 

ANALYSIS: (a) The control volume about node m,n has triangular shape with sides Ax and Ay while 
the diagonal (surface) length is \fl Ax. The heat rates associated with the control volume are due to 
conduction, qi and cq _, and to convection, q c . Performing an energy balance, find 

Ein ~E ou t=0 Ql + Q2 + Qc = 0 

k (Ax ■ 1) Tm ~ 11 - 1 ~ TmJ1 + k (Ay. 1) Tm+1 ^ TmJ1 + h Ax. 1)(T^ - T m „) = 0. 

Ay Ax v ’ 

Note that we have considered the tool to have unit depth normal to the page. Recognizing that Ax = 
Ay, dividing each term by k and regrouping, find 

Vn-l + T m+l,n +A AAt„ - 2 + Jl AA T mJ1 =0. < 

(b) The control volume about node m,n has triangular shape with sides Ax/2 and Ay/2 while the lower 
diagonal surface length is \fl (Ax/2). The heat rates associated with the control volume are due to 

the constant heat flux, q a , to conduction, qb, and to the convection process, q c . Perform an energy 
balance, 


Ein E ou t 


q 0 --1 + k ■ ^1 


Qa+Qb+Qc =0 

Ay .1 T m+ i n -T m n 


+ h . (T oo -T m?n )=0. 


Recognizing that Ax = Ay, dividing each term by k/2 and regrouping, find 

nr hAx , Ax f rr hAx ) . 

Em+l,n + v2 — Too + qQ— — l + v/2—— T mn -0. < 

A A ^ A ^ 

COMMENTS: Note the appearance of the term hAx/k in both results, which is a dimensionless 
parameter (the Biot number) characterizing the relative effects of convection and conduction. 




PROBLEM 4.42 

KNOWN: Nodal point on boundary between two materials. 
FIND: Finite-difference equation for steady-state conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties, (4) No internal heat generation, (5) Negligible thermal contact resistance at interface. 

ANALYSIS: The control volume is defined about nodal point 0 as shown above. The conservation of 
energy requirement has the form 

6 

£qi = q + CE + cg + ^ + C£ + q5 = 0 

i=l 


since all heat rates are shown as into the CV. Each heat rate can be written using Fourier’s law, 


Ay ^ ^ T 3 -To 

2 Ax Ay 2 Ax 

Ay T 3 -T 0 T 4 -T 0 Ay T[-Tn 

+ k]3 ' A U + k B ■ Ax ■ 4 +k B '~' —~ ~ = 0- 

2 Ax Ay 2 Ax 


Recognizing that Ax = Ay and regrouping gives the relation, 


1 k A 

-To H—Ti H —7 r 

4 2(k A +k B ) 


1 kc 

T2 + -T3+—-^-- 

4 2(k A +k B ) 


T 4 =0. 


COMMENTS: Note that when k A = kg, the result agrees with Eq. 4.33 which is appropriate for an 
interior node in a medium of fixed thermal conductivity. 



PROBLEM 4.43 


KNOWN: Two-dimensional grid for a system with no internal volumetric generation. 

FIND: Expression for heat rate per unit length normal to page crossing the isothermal boundary. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional heat transfer, (3) Constant 
properties. 


ANALYSIS: Identify the surface nodes (T s ) and draw control volumes about these nodes. Since 
there is no heat transfer in the direction parallel to the isothermal surfaces, the heat rate out of the 
constant temperature surface boundary is 

q /= % + % + <fc + qi + % + qf 

For each q j, use Fourier’s law and pay particular attention to the manner in which the cross- 
sectional area and gradients are specified. 


/ 

q 


= k(Ay/2) 


TfT s 

Ax 


+ k (Ay) 


t 2 -t s 

Ax 


+ k(Ax) 


t 5 -t s 

Ay 


+ k(Ax) 


t 6 -t s 

Ay 


+ k(Ay) 


t 3 ~t s 

Ax 


+ k(Ax/2) 


t 7 -t s 

Ay 


Regrouping with Ax = Ay, find 


q = k[0.5T! + T 2 + T 3 + T 5 + T 6 +0.5T 7 -5T S ]. < 

COMMENTS: Fooking at the comer node, it is important to recognize the areas associated with 
q' c and qj (Ay and Ax, respectively). 





PROBLEM 4.44 


KNOWN: One-dimensional fin of uniform cross section insulated at one end with prescribed base 
temperature, convection process on surface, and thermal conductivity. 

FIND: Finite-difference equation for these nodes: (a) Interior node, m and (b) Node at end of fin, n, 
where x = L. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction. 

ANALYSIS: (a) The control volume about node m is shown in the schematic; the node spacing and 
control volume length in the x direction are both Ax. The uniform cross-sectional area and fin 

perimeter are A c and P, respectively. The heat transfer process on the control surfaces, qi and q 2 , 

represent conduction while q c is the convection heat transfer rate between the fin and ambient fluid. 
Performing an energy balance, find 

Ein — E ou t=0 <41 + Q2 Qc = 0 

kA. m ~ l ~ 1,11 + kA c Tm+1 ~ im + hPAx (T TO - T m ) = 0. 

C Ax C Ax V - m/ 


Multiply the expression by Ax/kA c and regroup to obtain 


hP 2 

Em-1 + T m+ | +—— ■ Ax Too- 
kA,, 


„ hP 2 

2-1-Ax z 

kA. 


T m =0 


lcmcn 


< 


Considering now the special node m = 1, then the m-1 node is T|-,. the base temperature. The finite- 
difference equation would be 


hP 2 

Tb + T 2 + —— Ax T>o - 
kA. 


hP 2 

2 +-Ax z 

kA. 


T = 0 


m=l 


< 


(b) The control volume of length Ax/2 about node n is shown in the schematic. Performing an energy 
balance, 

Ei n -E ou t=0 43 +44 +4c = 0 

kA. T|> 1 ~ T|1 + 0+hP—(Too - T n ) = 0. 

c Ax 2 V - n/ 


Note that q 4 = 0 since the end (x = L) is insulated. Multiplying by Ax/kA c and regrouping, 


T n -1 + 


hP Ax" 


kA. 


-T - 

A oo 


hP Ax" 


kA. 


+1 


T n =0. 


COMMENTS: The value of Ax will be determined by the selection of n; that is, Ax = L/n. Note that 
the grouping, hP/kA c , appears in the finite-difference and differential forms of the energy balance. 




PROBLEM 4.45 

KNOWN: Two-dimensional network with prescribed nodal temperatures and thermal conductivity of 
the material. 

FIND: Heat rate per unit length normal to page, q. 

SCHEMATIC: 

Node Ti(°C) 

1 120.55 

2 120.64 

3 121.29 

4 123.89 

5 134.57 

6 150.49 

7 147.14 

ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional heat transfer, (3) No internal 
volumetric generation, (4) Constant properties. 

ANALYSIS: Construct control volumes around the nodes on the surface maintained at the uniform 
temperature T s and indicate the heat rates. The heat rate per unit length is q' = q.' + t|' + 
or in terms of conduction terms between nodes, 

o' = 0L + 02 + 03 +04+05+07- 

Each of these rates can be written in terms of nodal temperatures and control volume dimensions using 
Fourier’s law, 

„ Ax T|-T s T 2 ~T s T 3 ~T s Tq-T s 

q =k- - - -+k-Ax —-- + k-Ax —-- + k-Ax — h -- 

2 Ay Ay Ay Ay 

i a T 5 - T s Ay T 7 - T s 
Ay 2 Ax 

and since Ax =Ay, 

q' = k[(l/2)(T, -T s ) +(T 2 -T s ) +(T 3 -T s ) 

+ (T 4 -T s ) + (T 5 -T s ) + (1/2)(T 7 -T s )]. 

Substituting numerical values, find 

q = 50 W/m ■ K[(l/2) (120.55 -100) + (120.64 -100) + (121.29 -100) 

+ (123.89-100)+ (134.57-100)+ (1/2) (147.14-100)] 

q' = 6711 W/m. < 



COMMENTS: For nodes a through d, there is no heat transfer into the control volumes in the x- 
direction. Look carefully at the energy balance for node e, q' e = q' 5 + q' 7 , and how q'^ and q 7 are 
evaluated. 





PROBLEM 4.46 


KNOWN: Nodal temperatures from a steady-state, finite-difference analysis for a one-eighth 
symmetrical section of a square channel. 

FIND: (a) Beginning with properly defined control volumes, derive the finite-difference equations for 

nodes 2, 4 and 7, and determine T 2 , T 4 and T 7 , and (b) Heat transfer loss per unit length from the channel, 
/ 

q ■ 


SCHEMATIC: 


7^ = 300 K, h = 50 W/m 2 -K 

itq'i 2^2 3 fq '3 4V4 

--~ ~ --y 


irX 

- T - 


N'- Symmetry adiabat 

7 3i 

S -t 

k= 1 W/m-K 

Ax = Ay = 0.01 m 

6 + 


Tg = Tq- 600 K 


Node T(°C) 

1 430 

3 394 

6 492 

8,9 600 


ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) No internal 
volumetric generation, (4) Constant properties. 

ANALYSIS: (a) Define control volumes about the nodes 2, 4, and 7, taking advantage of symmetry 
where appropriate and performing energy balances, Ej n — E out = 0 , with Ax = Ay, 


Node 2: q' a + q' b +q c +q d = 0 


hAx(T 00 -T 2 ) + k(Ay/2) T3 T2 +kAx Te Tz +k(Ay/2) Tl Tl =0 

Ax Ay Ax 

T 2 =[0.5Ti +0.5T 3 +T 6 +(hAx/k)T 00 ]/[2 + (hAx/k)] 


t 2 


0.5x430 + 0.5x394 + 492 + [50 w/ m 2 ■ Kx0.01m/lW/m- Kj300 


K /[2 + 0.50] 


T 2 =422K 



(Jo 0.6 

) 

9 a 

T, — 


7 3 

^ J 


- j 4 7 

l ^ 

9'd ' 

. _j q' b 

_ U'c 


Node 4: q a + q b + qc =0 

h(Ax/2)(T oo -T 4 ) + 0 + k(Ay/2) T3 ~ T4 =0 

Ax 

T 4 =[T 3 +(hAx/k)T 00 ]/[l + (hAx/k)] 

T 4 =[394+ 0.5x300] K/[l +0.5] = 363 K 


< 


< 


Continued... 




PROBLEM 4.46 (Cont.) 



Node 7: From the first schematic, recognizing that the diagonal is a symmetry adiabat, we can treat node 
7 as an interior node, hence 

T 7 = 0.25 (T 3 + T 3 + T 6 + T 6 ) = 0.25 (394 + 394 + 492 + 492) K = 443 K < 

(b) The heat transfer loss from the upper surface can be expressed as the sum of the convection rates 
from each node as illustrated in the first schematic, 

9cv = 91 +92 + 93+94 

9c v = h (Ax/2) (Ti -T 00 ) + hAx(T 2 -T 00 ) + hAx(T 3 -T O0 ) + h (Ax/2)(T 4 -) 

qc V = 50 w/m 2 ■ Kx0.1 m [(430 - 300)/2 + (422 - 300) + (394 - 300) + (363 - 300)/2] K 

q(. v = 156 W/m < 

COMMENTS: (1) Always look for symmetry conditions which can greatly simplify the writing of the 
nodal equation as was the case for Node 7. 

(2) Consider using the IHT Tool, Finite-Difference Equations, for Steady-State, Two-Dimensioned heat 
transfer to determine the nodal temperatures T| - T 7 when only the boundary conditions T x , T y and (T^.h) 
are specified. 



PROBLEM 4.47 


KNOWN: Steady-state temperatures (K) at three nodes of a long rectangular bar. 

FIND: (a) Temperatures at remaining nodes and (b) heat transfer per unit length from the bar using 
nodal temperatures; compare with result calculated using knowledge of q. 


SCHEMATIC: 


1 I^“ 2“ ax 1 a 

T)DQg/////////7y//////////y/////////t- H ' 

C' |T ^ I * i 




Ih^i 
3001 £3 


%\ 


300 4 


1 a,m 


4 


/ ! 


-i- 




« 

300 


<}--5xl0 7 Wlm3 

k -20Wj-m-K 

ax=A y-5mm 
T a =398.0K 
T b -374.6K 
T C =348.5K 


ASSUMPTIONS: (1) Steady-state, 2-D conduction, (2) Constant properties. 


ANALYSIS: (a) The finite-difference equations for the nodes (1,2,3,A,B,C) can be written by 
inspection using Eq. 4.39 and recognizing that the adiabatic boundary can be represented by a 
symmetry plane. 


Y. ^neighbors 4Tj + qAx /k -0 


and 


qAx 2 

k 


5xl0 7 W/m 3 (0.005m 2 

---— = 62.5K. 

20 W/m ■ K 


Node A (to find T 2 /. - 


Node 3 (to find T 3 J: 


Node 1 (to find Tj ): 


2T 2 + 2T b - 4T a + qAx 2 /k = 0 

T 2 = 1 (-2x 374.6+4 X398.0 -62.5) K = 390.2K < 

T c +T 2 + T b +300K -4T 3 + qAx 2 /k = 0 

T 3 = 1(348.5 + 390.2+374.6+300+ 62.5 )K = 369.0K < 

300+ 2T C +T 2 - + qAx 2 /k = 0 

T 2 =1(300 + 2x348.5 + 390.2 + 62.5) = 362.4K < 


(b) The heat rate out of the bar is determined by calculating the heat rate out of each control volume 
around the 300K nodes. Consider the node in the upper left-hand comer; from an energy balance 

Ei n -Eout+E g =0 or 0a = 0a,in + Eg where E g =qV. 

Hence, for the entire bar Qbar = q a + qp + q c + q(j + q' e + q'f, or 


Ay T, -300 
k—-+ q 

Ax Ay 

+ 

2 Ax 

.2 2 . 

-a 


'bar 


, . T c -300 . 

kAx —-+ q 


kAy- 


-300 


Ax 


- + q 


“Ax 

1 - 1 

^ ‘ 

1 


“Ax 

AyT 

. 2 

1 

-b 

9 

. 2 

2 J. 


+ 


Ay 


Ay 
Ax- — 

+ 

", * T 3 - 3 OO . 
kAx —-hq 

Ay 
Ax- — 

+ 

2 . 

-d 

Ay 

2 _ 

-e 


Ax T r -300 

k-—-+ q 

2 Ay 


Ax Ay 
2 2 


Jf 


Substituting numerical values, find q^ = 7,502.5 W/m. From an overall energy balance on the bar, 

q' bar = Eg = qV/£ = q(3Ax- 2Ay) = 5xl0 7 W/m 3 x6(0.005m) 2 = 7,500 W/m. < 
As expected, the results of the two methods agree. Why must that be? 








PROBLEM 4.48 


KNOWN: Steady-state temperatures at selected nodal points of the symmetrical section of a flow 
channel with uniform internal volumetric generation of heat. Inner and outer surfaces of channel 
experience convection. 

FIND: (a) Temperatures at nodes 1. 4. 7, and 9, (b) Heat rate per unit length (W/m) from the outer 
surface A to the adjacent fluid, (c) Heat rate per unit length (W/m) from the inner fluid to surface B, 
and (d) Verify that results are consistent with an overall energy balance. 

SCHEMATIC: 


y ^ Ay = Ax = 25 mm 



T 2 = 95.47°C 
T 3 = 117.3°C 
T 5 = 79.79°C 
T 6 = 77.29°C 
T 8 = 87.28°C 
T 10 = 77.65°C 


ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 

ANALYSIS: (a) The nodal finite-difference equations are obtained from energy balances on control 
volumes about the nodes shown in the schematics below. 

Node 1 


q'a+qb+qc+qd+Eg =o 


0 + k(Ay/2) T2 Tl +k(Ax/2) T3 Ti 
Ax Ay 


+ 0 + q (Ax ■ Ay / 4) = 0 


T 2 =(T 2 +T 3 )/2 + qAx 2 /2k 


T : =(95.47 + 117.3)°C/2 + 10 6 W/m 3 (25x25)xl0 6 m 2 /(2xl0 W/m• K) = 122.0°C 




Node 4 


qa+q'b+qc+qd+qe+qf +Eg =o 

k(Ax/2) T2 ~ y T4 +h i (Ay/2)(T ooi -T 4 ) + hi (Ax/2)(T co -T 4 ) + 

Continued 









PROBLEM 4.48 (Cont.) 

k(Ay/2) ———+ k(Ax) ———+ k(Ay) ——— +q(3Ax ■ Ay/4) = 0 
Ax Ay Ax 

T 4 = T 2 + 2T 3 +T 5 +2T 8 +2(h i Ax/k)T ooi +(3qAx 2 /2k) /[6 + 2(hjAx/k)] 


T 4 = 94.50°C 


Node 7 


qa+qb+qc+qd+ E g =° 


k(Ax/2) T3 A T? +k(Ay/2) T8 A T? +h Q (Ax/2)(t oo-Q -T 7 ) + Q + q(Ax ■ Ay/4) = 0 
T ? = T 3 +T 8 + (h 0 Ax/k)T 00 ? 0 +qAx 2 /2k ^(2 + h 0 Ax/k) 



Node 9 


qa+q'b+qc+qd+Eg =o 

k (Ax) + k (Ay / 2) + h 0 (Ax) (T „, 0 - T,) 

+k(Ay/2) T8 ~ Ts> +q (Ax • Ay/2) = 0 
Ax 

T 9 = T 5 +0.5T 8 +0.5T 10 +(h o Ax/k)T ooo +qAx 2 /2k /(2 + h 0 Ax/k) 

T 9 = 79.67°C < 

(b) The heat rate per unit length from the outer surface A to the adjacent fluid, , is the sum of the 
convection heat rates from the outer surfaces of nodes 7, 8 , 9 and 10. 

9A = h o [( Ax / 2 )( T 7 - T oo,o ) + Ax ( T 8 - T oo , 0 ) + Ax (T 9 - 0 ) + (Ax /2 )(t 10 -T Mj0 )] 

q' A =250 W/m 2 ■ K[(25/2)(95.80-25) + 25(87.28-25) 

+25 (79.67 - 25) + (25 / 2) (77.65 - 25)] x 10 ~ 3 m ■ K 


Continued 








PROBLEM 4.48 (Cont.) 


q A =1117 W/m < 

(c) The heat rate per unit length from the inner fluid to the surface B, q B , is the sum of the 
convection heat rates from the inner surfaces of nodes 2, 4, 5 and 6 . 

q B = ^ [(Ay /2)(T oo i -T 2 ) + (Ay /2 + Ax /2)(T oo i -T 4 ) + Ax (T^ - T 5 ) + (Ax / 2)(T^ - T 6 )] 

q' B = 500 W/m 2 ■ K[(25/ 2)(50-95.47) + (25/ 2 + 25/ 2)(50-94.50) 

+25 (50-79.79)+ (25/2) (50-77.29)] xl0~ 3 m - K 


q B =-1383 W/m < 

(d) From an overall energy balance on the section, we see that our results are consistent since the 
conservation of energy requirement is satisfied. 

E' in - E^ ut + Eg en = -q' A + q B + E' gen =(-1117-1383 + 2500)W / m = 0 

where Eg en =qV' = 10 6 W/m 3 [25x50 + 25x50]xl0~ 6 m 2 = 2500 W/m 

COMMENTS: The nodal finite-difference equations for the four nodes can be obtained by using 
IHT Tool Finite-Difference Equations I Two-Dimensional I Steady-state. Options are provided to 
build the FDEs for interior, comer and surface nodal arrangements including convection and internal 
generation. The IHT code lines for the FDEs are shown below. 

/* Node 1: interior node; e, w, n, s labeled 2, 2, 3, 3. 7 
0.0 = fd_2d_int(T1,T2,T2,T3,T3,k,qdot,deltax,deltay) 

/* Node 4: internal corner node, e-n orientation; e, w, n, s labeled 5, 3, 2, 8. 7 
0.0 = fd_2d_ic_en(T4,T5,T3,T2,T8,k,qdot,deltax,deltay,Tinfi,hi,q- a4 
q- a4 = 0 // Applied heat flux, W/m A 2; zero flux shown 

/* Node 7: plane surface node, s-orientation; e, w, n labeled 8, 8, 3. */ 

0.0 = fd_2d_psur_s(T7,T8,T8,T3,k,qdot,deltax,deltay,Tinfo,ho,q- a7 
q- a7=0 // Applied heat flux, W/m A 2; zero flux shown 

/* Node 9: plane surface node, s-orientation; e, w, n labeled 10, 8, 5. */ 

0.0 = fd_2d_psur_s(T9, T10, T8, T5,k,qdot,deltax,deltay,Tinfo,ho,q- a9 
q- a9 = 0 // Applied heat flux, W/m A 2; zero flux shown 



PROBLEM 4.49 


KNOWN: Outer surface temperature, inner convection conditions, dimensions and thermal 
conductivity of a heat sink. 

FIND: Nodal temperatures and heat rate per unit length. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state, (2) Two-dimensional conduction, (3) Uniform outer surface 
temperature, (4) Constant thermal conductivity. 

ANALYSIS: (a) To determine the heat rate, the nodal temperatures must first be computed from the 
corresponding finite-difference equations. From an energy balance for node 1, 

h(Ax/2-l)(T 00 -T 1 ) + k(Ay/21) Tj + k(Ax• 1) Ts ~ Ti = 0 

_f 3 + 1 ^V 1 + T 2 + 2T 5 +^T oo =0 (1) 


With nodes 2 and 3 corresponding to Case 3 of Table 4.2, 

(hAx 3 2hAx 

Ti-2 ^— + 2 T 2 +T 3 + 2T 6 +^-T oo =0 


+ 2 T 3 +T 7 +-^T oo =0 


where the symmetry condition is invoked for node 3. Applying an energy balance to node 4, we 
obtain 

-2T4 + T5 + T s =0 

The interior nodes 5, 6 and 7 correspond to Case 1 of Table 4.2. Hence, 

T 1 + T4-4T 5 +T 6 +T S =0 
T 2 +T 5 -4T 6 +T 7 +T s =0 
T 3 + 2T 6 -4T 7 +T s =0 

where the symmetry condition is invoked for node 7. With T s = 50°C, = 20°C, and 

hAx / k = 5000 W / m 2 • K (0.005m)/ 240 W / m ■ K = 0.1042, the solution to Eqs. (1) - (7) yields 
T, = 46.61°C, T 2 = 45.67°C, T 3 = 45.44°C, T 4 = 49.23°C 
T 5 = 48.46°C, T 6 = 48.00°C, T 7 = 47.86°C 

Continued. 







PROBLEM 4.49 (Cont.) 

The heat rate per unit length of channel may be evaluated by computing convection heat transfer from 
the inner surface. That is, 

q / = 8h[Ax/2(T 1 -T 00 ) + Ax(T 2 -T 00 ) + Ax/2(T 3 -T 00 )] 
q = 8x5000W/m 2 ■ K[0.0025m(46.61 -20)°C + 0.005m(45.67 -20)°C 

+0.0025m (45.44 - 20 ) 0 C] = 10,340 W / m < 

2 

(b) Since h = 5000 W/m • K is at the high end of what can be achieved through forced convection, 
we consider the effect of reducing h. Representative results are as follows 


h(w/m 2 

PS 

O 

O 

t 2 (°c) 

t 3 (°c) 

t 4 (°c) 

t 5 (°c) 

t 6 (°c) 

t 7 (°c) 

q (W/m) 

200 

49.84 

49.80 

49.79 

49.96 

49.93 

49.91 

49.90 

477 

1000 

49.24 

49.02 

48.97 

49.83 

49.65 

49.55 

49.52 

2325 

2000 

48.53 

48.11 

48.00 

49.66 

49.33 

49.13 

49.06 

4510 

5000 

46.61 

45.67 

45.44 

49.23 

48.46 

48.00 

47.86 

10,340 


There are two resistances to heat transfer between the outer surface of the heat sink and the fluid, that 
due to conduction in the heat sink, R cond (->D) ar *d that due to convection from its inner surface to the 

fluid, R conv . With decreasing h, the corresponding increase in R conv reduces heat flow and 
increases the uniformity of the temperature field in the heat sink. The nearly 5-fold reduction in q' 

2 

corresponding to the 5-fold reduction in h from 1000 to 200 W/m • K indicates that the convection 
resistance is dominant (R conv » R C ond(2D))- 


COMMENTS: To check our finite-difference solution, we could assess its consistency with 
conservation of energy requirements. For example, an energy balance performed at the inner surface 
requires a balance between convection from the surface and conduction to the surface, which may be 
expressed as 


q / = k(Axl) ^ Tl ^ + k(Ax-l ) T(3 Tz +k(Ax/2l ) T7 T;3 

Ay Ay Ay 

2 

Substituting the temperatures corresponding to h = 5000 W/m • K, the expression yields 
q = 10,340 W/m, and, as it must be, conservation of energy is precisely satisfied. Results of the 

analysis may also be checked by using the expression q' = (T s -'\' m )/(Rcond(2D) + Rconv )’ where, for 


h = 5000 W lm ■ K, R conv = (1/4hw) = 2.5x10 2 m ■ K/W, and from Eq. (4.27) and Case 11 of 

Table 4.1, R rand = [0.930 ln(W/w)-0.05]/2a:k = 3.94xlO“ 4 m K/W. Hence, 

q" = (50-20)°C/(2.5x10 3 +3.94x10 4 }mK/W =10,370 W/m, and the agreement with the 


finite-difference solution is excellent. Note that, even for h = 5000 W /m ■ K, R' 


» R r 


nd(2D)- 




PROBLEM 4.50 


KNOWN: Steady-state temperatures (°C) associated with selected nodal points in a two-dimensional 
system. 


FIND: (a) Temperatures at nodes 1, 2 and 3, (b) Heat transfer rate per unit thickness from the 
system surface to the fluid. 


SCHEMATIC: 


Insulated boundary 

2 ■ * V 3 


AX=A y-Olm^ 

k-lSW/m-K 

Isothermal boundary „ 

T o =Z00°C 


^m.o ms 

• • • 

172.9 7j /32B 


•67.0 



Ui 


4=30°C 

h=50W/m*-K 


ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 
ANALYSIS: (a) Using the finite-difference equations for Nodes 1, 2 and 3: 

Node 1, Interior node, Eq. 4.33: Tj = ^T ne jghbors 

T, = ^-(172.9 + 137.0 +132.8 + 200.0)°C = 160.7°C 
Node 2, Insulated boundary, Eq. 4.46 with h = 0, T m n = T 2 
^2 = ~(Tm-l,n + T m+ p n + 2T mn _i j 

T 2 = ^-(129.4 + 45.8 +2 xl03.5)° C = 95.6°C 
Node 3, Plane surface with convection, Eq. 4.46, T m n = T 3 



-m+1,7) 


hAx 


-+2 


/ x 2hAx 

T 3 = (2T m _ i, n +T m n+ | +T m n _ |) +——T^ 

K 


r 


m-ln 


T 1 iu 

+ T„.h 

m,n-l 


hAx/k = 50W/m • K x0.1m/1.5W/m • K = 3.33 
2(3.33 + 2)T 3 = (2x103.5 + 45.8 + 67.0) q C+2x3.33x30°C 

T 3 = —!—(319.80 + 199.80) °C=48.7°C 
10.66 

(b) The heat rate per unit thickness from the surface to the fluid is determined from the sum of the 
convection rates from each control volume surface. 


Oconv 9a 9c 9d 

4i = h^Yi (T - Xo ) 


Ay/ 2 ? j * ► 


4conv 50 


W 


m 2 K 


0.1 


m (45.8-30.0)°C + 


0.1m (48.7-30.0)°C + 
0.1m (67.0-30.0) °C+ 

+ 200.0- 30.0) °C 


Ay 






T o --200°C 


% 


48.7 ? 6 
1 67.0 9r 


9‘J 


4conv =(39.5+93.5+185.0 + 425) W/m = 743 W/m. 


< 




PROBLEM 4.51 


KNOWN: Nodal temperatures from a steady-state finite-difference analysis for a cylindrical fin of 
prescribed diameter, thermal conductivity and convection conditions (T^, h). 

FIND: (a) The fin heat rate, q f , and (b) Temperature at node 3, T 3 . 

SCHEMATIC: 



T 0 = 100.0°C 
T, = 93.4°C 
T 2 = 89.5°C 


T^ = 25°CJ^25mrf-K 

ASSUMPTIONS: (a) The fin heat rate, q f , is that of conduction at the base plane, x = 0, and can be 
found from an energy balance on the control volume about node 0, Ej n — E out = 0, 


qf + qi + q conv — 0 

iate rate e 

Ti-T 0 


or 


qf 


Tl qconv• 
\ 2 / 


Writing the appropriate rate equation for qi and q corm with A c = 7lD74 and P = 7 tD, 

\2 


qf = ~ kA c 


hP(Ax/2)(T oo -T 0 ) = - 


;rkD^ 


Ax ' ' w 4 Ax 

Substituting numerical values, with Ax = 0.010 m, find 

;rxl5W/mK(0.012m) 2 . 

q f =-----—(93.4-100) C 

4x0.010m v ' 

K 


(T 1 -T 0 )-(^/2)DhAx(T oo -T 0 ) 


-x0.012mx25W/m z ■ Kx0.010m(25-100) C 


q f = (1.120 + 0.353)W = 1.473 W . 


(b) To determine T 3 , derive the finite-difference equation for node 2, perform an energy balance on the 
control volume shown above, Ej n — E out = 0, 

qcv+q3+qi = ° 

hPAx (Too - T 2 ) + kA c T3 ~ T2 + kA c Tl ~ Tl = 0 

Ax Ax 

T 3 = -T, + 2T 2 - Ax 2 [T„ - T 2 ] 

KA C 

Substituting numerical values, find 

T 2 =89.2°C < 

COMMENTS: Note that in part (a), the convection heat rate from the outer surface of the control 
volume is significant (25%). It would have been poor approximation to ignore this term. 



PROBLEM 4.52 


KNOWN: Long rectangular bar having one boundary exposed to a convection process (TL, h) while the 
other boundaries are maintained at a constant temperature (T s ). 


FIND: (a) Using a grid spacing of 30 mm and the Gauss-Seidel method, determine the nodal 
temperatures and the heat rate per unit length into the bar from the fluid, (b) Effect of grid spacing and 
convection coefficient on the temperature field. 


SCHEMATIC: 


100 °C 
h = 100 W/m 2 -K t 



(a) 


T s = 50 °C 


7~ s = 50 °C 


Ay = 30 mm 


Ax = 30 mm 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 


ANALYSIS: (a) With the grid spacing Ax = Ay = 30 mm, three nodes are created. Using the finite- 
difference equations as shown in Table 4.2, but written in the form required of the Gauss-Seidel method 
(see Section 4.5.2), and with Bi = hAx/k = 100 W/m 2 K x 0.030 m/1 W/m-K = 3, we obtain: 


Nodel: Tj — ;—— (T 2 + T S + BiT^) — — (T 2 + 50 + 3x100) — — (T 2 + 350) (1) 

Node2: T 2 =-^(Tj + 2T S +T 3 ) =-^(Tj+T 3 + 2x50) =-^(Tj+T 3 +100) (2) 

Node 3: T 3 =— (T 2 +3T S ) =—(T 2 +3x50) =—(T 2 +150) (3) 


Denoting each nodal temperature with a superscript to indicate iteration step, e.g. T| , calculate values 


as shown below. 

k 

T, 

T 2 

T 3 (°C) 


0 

85 

60 

55 

<— initial 

1 

82.00 

59.25 

52.31 

guess 

2 

81.85 

58.54 

52.14 


3 

81.71 

58.46 

52.12 


4 

81.69 

58.45 

52.11 



By the 4th iteration, changes are of order 0.02°C, suggesting that further calculations may not be 
necessary. 


Continued... 








PROBLEM 4.52 (Cont.) 


In finite-difference form, the heat rate from the fluid to the bar is 

qconv = h(Ax/2)(Too -T s ) + hAx(T^-T,) + h(Ax/2)(T^ -T s ) 

qconv = h Ax(T^ -T s ) + hAx(T^-T,) = hAx[(T*, - T s ) + (T^ -Tj)] 

q^ onv = 100 w/ m 2 ■ Kx0.030m [(100-50)+ (100-81.7)]° C = 205 W/m . < 

(b) Using the Finite-Difference Equations option from the Tools portion of the IHT menu, the following 
two-dimensional temperature field was computed for the grid shown in schematic (b), where x and y are 
in mm and the temperatures are in °C. 


y\x 

0 

15 

30 

45 

60 

0 

50 

80.33 

85.16 

80.33 

50 

15 

50 

63.58 

67.73 

63.58 

50 

30 

50 

56.27 

58.58 

56.27 

50 

45 

50 

52.91 

54.07 

52.91 

50 

60 

50 

51.32 

51.86 

51.32 

50 

75 

50 

50.51 

50.72 

50.51 

50 

90 

50 

50 

50 

50 

50 


The improved prediction of the temperature field has a significant influence on the heat rate, where, 
accounting for the symmetrical conditions, 

q / = 2h(Ax/2)(T 00 -T s ) + 2h(Ax)(T 00 -T 1 ) + h(Ax)(T 00 -T 2 ) 
q = h(Ax)[(Too -T s ) + 2(Too -T!) + (T^ -T 2 )] 

q' = 100w/m 2 ■ K(0.015m)[50 + 2(19.67) + 14.84]° C = 156.3W/m < 


Additional improvements in accuracy could be obtained by reducing the grid spacing to 5 mm, although 
the requisite number of finite-difference equations would increase from 12 to 108, significantly 
increasing problem set-up time. 

An increase in h would increase temperatures everywhere within the bar, particularly at the 
heated surface, as well as the rate of heat transfer by convection to the surface. 

COMMENTS: (1) Using the matrix-inversion method, the exact solution to the system of equations (1, 
2, 3) of part (a) is Ti = 81.70°C, T 2 = 58.44°C, and T 3 = 52.12°C. The fact that only 4 iterations were 
required to obtain agreement within 0.01°C is due to the close initial guesses. 

(2) Note that the rate of heat transfer by convection to the top surface of the rod must balance the rate of 
heat transfer by conduction to the sides and bottom of the rod. 

NOTE TO INSTRUCTOR: Although the problem statement calls for calculations with Ax = Ay = 5 
mm and for plotting associated isotherms, the instructional value and benefit-to-effort ratio are small. 
Hence, it is recommended that this portion of the problem not be assigned. 



PROBLEM 4.53 


KNOWN: Square shape subjected to uniform surface temperature conditions. 


FIND: (a) Temperature at the four specified nodes; estimate the midpoint temperature T 0 , (b) Reducing 
the mesh size by a factor of 2 , determine the corresponding nodal temperatures and compare results, and 
(c) For the finer grid, plot the 75, 150, and 250°C isotherms. 


SCHEMATIC: 




200°C 


ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 


ANALYSIS: (a) The finite-difference equation for each node follows from Eq. 4.33 for an interior point 
written in the form, Tj = l/4£T ne i g hbors- Using the Gauss-Seidel iteration method, Section 4.5.2, the finite- 
difference equations for the four nodes are: 

T k = 0.25 (lOO + T k_1 + T k_1 + 5o) = 0.25T k_1 + 0.25T 3 k_1 + 37.5 
T k = 0.25 (lOO + 200 + T k_1 + T k_1 ) = 0.25T k_1 + 0.25T k_1 + 75.0 
T k = 0.25 (T k_1 + T k_1 + 300 + 5o) = 0.25T k_1 + 0.25T k_1 + 87.5 
T k = 0.25 (T k_1 + 200 + 300 + T k_1 ) = 0.25T k_1 + 0.25T k_1 +125.0 


The iteration procedure using a hand calculator is implemented in the table below. Initial estimates are 
entered on the k = 0 row. 


k 

Ti 

t 2 

t 3 

t 4 


(°C) 

(°C) 

(°C) 

(°C) 

0 

100 

150 

150 

250 

1 

112.50 

165.63 

178.13 

210.94 

2 

123.44 

158.60 

171.10 

207.43 

3 

119.93 

156.40 

169.34 

206.55 

4 

119.05 

156.40 

168.90 

206.33 

5 

118.83 

156.29 

168.79 

206.27 

6 

118.77 

156.26 

168.76 

206.26 

7 

118.76 

156.25 

168.76 

206.25 


Continued... 




PROBLEM 4.53 (Cont.) 


By the seventh iteration, the convergence is approximately 0.01°C. The midpoint temperature can be 
estimated as 

T 0 = (T, + T 2 + T 3 + T 4 )/2 = (118.76 + 156.25 +168.76 + 206.25)° C/4 = 162.5° C 

(b) Because all the nodes are interior ones, the nodal equations can be written by inspection directly into 
the IHT workspace and the set of equations solved for the nodal temperatures (°C). 

Mesh T 0 Ti T 2 T 3 T 4 

Coarse 162.5 118.76 156.25 168.76 206.25 

Fine 162.5 117.4 156.1 168.9 207.6 

The maximum difference for the interior points is 1.5°C (node 4), but the estimate at the center, T 0 , is the 
same, independently of the mesh size. In terms of the boundary surface temperatures, 

T 0 =(50 + 100 + 200 + 300)° C/4 = 162.5°C 
Why must this be so? 

(c) To generate the isotherms, it would be necessary to employ a contour-drawing routine using the 
tabulated temperature distribution (°C) obtained from the finite-difference solution. Using these values 
as a guide, try sketching a few isotherms. 


- 

100 

100 

100 

100 

100 

- 

50 

86.0 

105.6 

119 

131.7 

151.6 

200 

50 

88.2 

117.4 

138.7 

156.1 

174.6 

200 

50 

99.6 

137.1 

162.5 

179.2 

190.8 

200 

50 

123.0 

168.9 

194.9 

207.6 

209.4 

200 

50 

173.4 

220.7 

240.6 

246.8 

239.0 

200 

- 

300 

300 

300 

300 

300 

- 


COMMENTS: Recognize that this finite-difference solution is only an approximation to the 
temperature distribution, since the heat conduction equation has been solved for only four (or 25) 
discrete points rather than for all points if an analytical solution had been obtained. 



PROBLEM 4.54 


KNOWN: Long bar of square cross section, three sides of which are maintained at a constant 
temperature while the fourth side is subjected to a convection process. 

FIND: (a) The mid-point temperature and heat transfer rate between the bar and fluid; a numerical 
technique with grid spacing of 0.2 m is suggested, and (b) Reducing the grid spacing by a factor of 2, find 
the midpoint temperature and the heat transfer rate. Also, plot temperature distribution across the surface 
exposed to the fluid. 


SCHEMATIC: 



Bar, 0.8 x 0.8 m 
k= 2 W/m-K 


T s = 300 °C 


Too = 100 °C 
/? = 10 W/m 2 -K 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 


ANALYSIS: (a) Considering symmetry, the nodal network is shown above. The matrix inversion 
method of solution will be employed. The finite-difference equations are: 


Nodes 1, 3, 5 - 
Nodes 2, 4, 6 - 
Nodes 7,8- 


Interior nodes, Eq. 4.33; written by inspection. 

Also can be treated as interior points, considering symmetry. 
On a plane with convection, Eq. 4.46; noting that hAx/k = 

10 W/m 2 K x 0.2 m/2 W/m-K = 1, find 
Node 7: (2T 5 + 300 + T g ) + 2x1-100 - 2(1+2)T 7 = 0 
Node 8: (2T 6 + T 7 + T 7 ) + 2x1-100 - 2(1+2)T 8 = 0 


The solution matrix [T] can be found using a stock matrix program using the [A] and [C] matrices shown 
below to obtain the solution matrix [T] (Eq. 4.52). Alternatively, the set of equations could be entered 
into the IHT workspace and solved for the nodal temperatures. 


-4 

1 

1 

0 

0 

0 

0 

0 


-600 


292.2" 

2 

-4 

0 

1 

0 

0 

0 

0 


-300 


289.2 

1 

0 

-4 

1 

1 

0 

0 

0 


-300 


279.7 

0 

0 

1 

0 

2 

1 

-4 

0 

0 

-4 

1 

1 

0 

1 

0 

0 

c = 

0 

-300 

T = 

272.2 

254.5 

0 

0 

0 

1 

2 

-4 

0 

1 


0 


240.1 

0 

0 

0 

0 

2 

0 

-6 

1 


-500 


198.1 

0 

0 

0 

0 

0 

2 

2 

-6 


-200 


179.4 


From the solution matrix, [T], find the mid-point temperature as 


T 4 = 272.2°C 


< 

Continued... 




PROBLEM 4.54 (Cont.) 


The heat rate by convection between the bar and fluid is given as, 
9conv = 2 (q a + 9b + 9c ) 


qconv= 2x [h(Ax/2)(T 8 -T oo ) + h(Ax)(T 7 -T oo ) + h(Ax/2)(300-T oo )] 

q^ onv = 2x [ 10W/m 2 ■ Kx(0.2m/2)[(l79.4-100) + 2(198.1 -100) + (300-100)] K 


9conv = 952 W/m. 


(b) Reducing the grid spacing by a factor of 2, the nodal arrangement will appear as shown. The finite- 
difference equation for the interior and centerline nodes were written by inspection and entered into the 
IHT workspace. The IHT Finite-Difference Equations Tool for 2-D, SS conditions, was used to obtain 
the FDE for the nodes on the exposed surface. 


Symmetry line 


r- 

l 2 

3 

4 


6 

7 

8 


10 

11 

12 


14 

15 

16 


[ 18 

19 

20 


r 

22 

23 

24 


26 

27 

28 


30 

31 

32 




.1 .1 


9 c 9' d 9' e 
T^,h 


T s = 300 °C 

Ax = Ay 
Ay = 0.1 mm 


9f> 


The midpoint temperature T [3 and heat rate for the finer mesh are 
Ti 3 = 271.0°C q = 834 W/m 


< 


COMMENTS: The midpoint temperatures for the coarse and finer meshes agree closely, T 4 = 272°C vs. 
T 13 = 271.0°C, respectively. However, the estimate for the heat rate is substantially influenced by the 
mesh size; q = 952 vs. 834 W/m for the coarse and finer meshes, respectively. 




PROBLEM 4.55 


KNOWN: Volumetric heat generation in a rectangular rod of uniform surface temperature. 

FIND: (a) Temperature distribution in the rod, and (b) With boundary conditions unchanged, heat 
generation rate causing the midpoint temperature to reach 600 K. 


SCHEMATIC: 


y 


1, 
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i_ 




T s = 300 K 


q = 5 x 10 7 W/m 3 , 
A-=20 W/m-K 

"j- Ay = 5 mm 
Ax = 5 mm 


ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties, (3) Uniform 
volumetric heat generation. 


ANALYSIS: (a) From symmetry it follows that six unknown temperatures must be determined. Since 
all nodes are interior ones, the finite-difference equations may be obtained from Eq. 4.39 written in the 
form 


Ti — 1/2 Y T n ci vhhors + 1/4 (o (AxAy 1 )/k). 

With q (AxAy)/4k = 62.5 K, the system of finite-difference equations is 


T! =0.25 (T s +T 2 +T 4 +T S ) +15.625 

(1) 

T 2 = 0.25 (T s +T 3 +T 5 +T 1 ) +15.625 

(2) 

T 3 =0.25 (T s +T 2 +T 6 +T 2 ) +15.625 

(3) 

T 4 = 0.25 (Ti + T 5 + Tj + T s ) +15.625 

(4) 

T 5 = 0.25 (T 2 +T 6 +T 2 +T 4 ) +15.625 

(5) 

T 6 =0.25(T 3 +T5+T3+T 5 ) + 15.625 

(6) 


With T s = 300 K, the set of equations was written directly into the IHT workspace and solved for the 
nodal temperatures, 


Ti T 2 T 3 T 4 T 5 T 6 (K) < 

348.6 368.9 374.6 362.4 390.2 398.0 

(b) With the boundary conditions unchanged, the q required for T 6 = 600 K can be found using the same 
set of equations in the IHT workspace, but with these changes: (1) replace the last term on the RHS 
(15.625) of Eqs. (1-6) by q (AxAy)/4k = (0.005 m ) 2 q /4x20 W/m-K = 3.125 x 10 7 q and (2) set T 6 = 
600 K. The set of equations has 6 unknown, five nodal temperatures plus q . Solving find 

q = 1.53X10 8 w/m 3 


< 





PROBLEM 4.56 

KNOWN: Flue of square cross section with prescribed geometry, thermal conductivity and inner 
and outer surface temperatures. 

FIND: Heat loss per unit length from the flue, q'. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties, (3) No 
internal generation. 

ANALYSIS: Taking advantage of symmetry, the nodal network using the suggested 75mm grid 
spacing is shown above. To obtain the heat rate, we first need to determine the unknown 
temperatures T|. T 2 , T 3 and T 4 . Recognizing that these nodes may be treated as interior nodes, the 
nodal equations from Eq. 4.33 are 

(T 2 + 25 + T 2 + 350) - 4Ti = 0 

(Ti + 25 + T 3 + 350) - 4T 2 = 0 

(T 2 + 25 + T 4 + 350) - 4T 3 = 0 

(T 3 + 25 + 25 + T 3 ) - 4T 4 = 0. 

The Gauss-Seidel iteration method is convenient for this system of equations and following the 
procedures of Section 4.5.2, they are rewritten as, 

T k =0.50T k_1 +93.75 
T k =0.25 T k +0.25 T k_1 + 93.75 
T k =0.25 T k +0.25 T k_1 + 93.75 
T k =0.50 T k +12.5. 

The iteration procedure is implemented in the table on the following page, one row for each iteration 
k. The in itial estimates, for k = 0, are all chosen as (350 + 25)/2 ~ 185°C. Iteration is continued 
until the maximum temperature difference is less than 0.2°C, i.e., £ < 0.2°C. 

Note that if the system of equations were organized in matrix form, Eq. 4.52, diagonal dominance 
would exist. Hence there is no need to reorder the equations since the magnitude of the diagonal 
element is greater than that of other elements in the same row. 


Continued 








PROBLEM 4.56 (Cont.) 


k 

Ti(°C) 

T 2 (°C) 

T 3 (°C) 

T 4 (°C) 


0 

185 

185 

185 

185 

<— initial estimate 

1 

186.3 

186.6 

186.6 

105.8 


2 

187.1 

187.2 

167.0 

96.0 


3 

187.4 

182.3 

163.3 

94.2 


4 

184.9 

180.8 

162.5 

93.8 


5 

184.2 

180.4 

162.3 

93.7 


6 

184.0 

180.3 

162.3 

93.6 


7 

183.9 

180.3 

162.2 

93.6 

+- e <0.2°C 


From knowledge of the temperature distribution, the heat rate may be obtained by summing the heat 
rates across the nodal control volume surfaces, as shown in the sketch. 



The heat rate leaving the outer surface of this flue section is, 

q=% + c b + £ fc+ c H+ c fe 

- 25) + (T 2 - 25) + (T 3 - 25) + (T 4 - 25) + 0 

^(183.9-25)+ (180.3-25)+ (162.2-26)+ (93.6-25) 
q' = 374.5 W/m. 

Since this flue section is 1/8 the total cross section, the total heat loss from the flue is 


/ . Ax 
q =k — 
Ay 

q=0.85 


-(T 

2 

"w 


m- K 


q / =8x374.5 W/m = 3.00kW/m. 


< 


COMMENTS: The heat rate could have been calculated at the inner surface, and from the above 
sketch has the form 


q' = k 


Ax 

A^ 


-(350 - T x ) + (350 - T 2 ) + (350 -T 3 ) 


= 374.5 W/m. 


This result should compare very closely with that found for the outer surface since the conservation 
of energy requirement must be satisfied in obtaining the nodal temperatures. 








PROBLEM 4.57 

KNOWN: Flue of square cross section with prescribed geometry, thermal conductivity and inner and 
outer surface convective conditions. 

FIND: (a) Heat loss per unit length, (\ , by convection to the air, (b) Effect of grid spacing and 
convection coefficients on temperature field; show isotherms. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 

ANALYSIS: (a) Taking advantage of symmetry, the nodal network for a 75 mm grid spacing is shown 
in schematic (a). To obtain the heat rate, we need first to determine the temperatures T,. Recognize that 
there are four types of nodes: interior (4-7), plane surface with convection (1, 2, 8-11), internal corner 
with convection (3), and external corner with convection (12). Using the appropriate relations from 
Table 4.2, the finite-difference equations are 


Node 

1 

2 

3 

4 

5 

6 

7 


9 

10 

11 

12 


(2T 4+ T 2+ T 2 ) + ^ Tmj - f^ + 2 

K IK 

\ / 

, . 2h;Ax ( h;Ax 

(2T 5 +T 3+ Ti) + —^T^j-2 ^— + 2 

K y K 

2(T 6 +T 6 ) + (T 2 +T2 ) + ^i^ T _ 2 

k 

(T 8+ T 5+ T 1+ T 5 )-4T4=0 
(T 9+ T 6+ T 2+ T 4 )-4T 5 =0 
(Tio+T 7 +T 3 +T 5 )-4T 6 =0 
(Th+Ti 1+ T 6 +T 6 )-4T 7 =0 


|Ti =0 


To =0 


3 + 


hjAx 


To =0 


(2T 4 + T 9 + T 9 ) + ^°^T 00 0 -2 
k 


h„Ax 


- + 2 


|t 8 =0 


(2T5 + Tio + Tg ) + ——— T 


00,0 


h„Ax 


- + 2 


To =0 


v ^ J 

, , 2h n Ax ( h n Ax ^ 

(2Tg + Tj! + T 9 ) -)- - — X*, „ — 2 




- + 2 


2h„Ax 


(2T 7 +T 12 +T 10 )+—5—-2 
k 

, x 2h n Ax ( h n Ax 

(Tll+T 11 ) + ^^T 00;0 -2 I 
k 


V 

h„Ax 


Tio=0 


5 


- + 2 


J 


Tn =0 


+ 1 


Ti 2=0 


Equation 

4.46 

4.46 

4.45 

4.33 

4.33 

4.33 

4.33 

4.46 

4.46 

4.46 

4.46 

4.47 


Continued... 





PROBLEM 4.57 (Cont.) 

The Gauss-Seidel iteration is convenient for this system of equations. Following procedures of Section 
4.5.2. the system of equations is rewritten in the proper form. Note that diagonal dominance is present; 
hence, no re-ordering is necessary. 

T k = 0.09239T k _1 + 0.09239T k _1 + 285.3 

T k = 0.04620T k + 0.04620T k_1 + 0.09239T 5 k_1 +285.3 

T 3 k = 0.08457T k + 0.1692T k_1 +261.2 

T k = 0.25T k +0.50T k_1 + 0.25T 8 k_1 

T k = 0.25T k + 0.25T k +0.25T k_1 + 0.25T k_1 

T k = 0.25T k + 0.25T k +0.25T k_1 + 0.25T k-1 

T 7 k =0.50T k +0.50T k f 1 

T k = 0.4096T k + 0.4096T k_1 + 4.52 

T k =0.4096T k +0.2048T g k + 0.2048T 1 k 0 “ 1 + 4.52 

Tjq = 0.4096T k + 0.2048T k +0.2048T k f 1 +4.52 

T, k , = 0.4096T k + 0.2048T k 0 + 0.2048T 1 k 2 “ 1 + 4.52 

T k 2 = 0.6939^+7.65 

The initial estimates (k = 0) are carefully chosen to minimize calculation labor; let £ < 1.0. 


k 

ii 

A 2 

1 3 

A 4 

Is 

A 6 

17 

As 

I 9 

A 10 

Tn 

A 12 

0 

340 

330 

315 

250 

225 

205 

195 

160 

150 

140 

125 

no 

1 

338.9 

336.3 

324.3 

237.2 

232.1 

225.4 

175.2 

163.1 

161.7 

155.6 

130.7 

98.3 

2 

338.3 

337.4 

328.0 

241.4 

241.5 

226.6 

178.6 

169.6 

170.0 

158.9 

130.4 

98.1 

3 

338.8 

338.4 

328.2 

247.7 

245.7 

230.6 

180.5 

175.6 

173.7 

161.2 

131.6 

98.9 

4 

339.4 

338.8 

328.9 

251.6 

248.7 

232.9 

182.3 

178.7 

176.0 

162.9 

132.8 

99.8 

5 

339.8 

339.2 

329.3 

254.0 

250.5 

234.5 

183.7 

180.6 

177.5 

164.1 

133.8 

100.5 

6 

340.1 

339.4 

329.7 

255.4 

251.7 

235.7 

184.7 

181.8 

178.5 

164.7 

134.5 

101.0 

7 

340.3 

339.5 

329.9 

256.4 

252.5 

236.4 

185.5 

182.7 

179.1 

165.6 

135.1 

101.4 


The heat loss to the outside air for the upper surface (Nodes 8 through 12) is of the form 


q' = h 0 Ax 


-(T 8 - Too o) + (T 9 -Too,o) + (TlO “ T oo, 0 ) + ( T ll “ T oo,o ) + “ ( T 12 “ T °o,Q ) 


- (182.7 - 25) +(179.1 - 25)+(165.6-25)+(135.1-25) + -(l01.4-25) 
2 2 


q = 5 W/ m ■ Kx 0.075 m 

Hence, for the entire flue cross-section, considering symmetry, 

q' tot =8xq= 8x195 W/m = 1.57kW/m 
The convection heat rate at the inner surface is 

q'tot =8xhiAx 


°C = 195 w/m 

< 


- (Too,! ~ T 1) + (Too,! _ T 2 ) + “ ( T °o,i - T3 ) 


= 8 x 190.5 W/m = 1.52 kW/m 
which is within 2.5% of the foregoing result. The calculation would be identical if £ = 0. 


Continued... 



PROBLEM 4.57 (Cont.) 

(b) Using the Finite-Difference Equations option from the Tools portion of the IHT menu, the following 
two-dimensional temperature field was computed for the grid shown in the schematic below, where x and 
y are in mm and the temperatures are in °C. 


( 0 , 0 ) 


n 


y (mm) 


(300,0) 

-«f- > x (mm) 


Ax = Ay = 25 mm 


(0,150) (150,150) 


y\x 

0 

25 

50 

75 

100 

125 

150 

175 

200 

225 

250 

275 

300 

0 

180.7 

180.2 

178.4 

175.4 

171.1 

165.3 

158.1 

149.6 

140.1 

129.9 

119.4 

108.7 

98.0 

25 

204.2 

203.6 

201.6 

198.2 

193.3 

186.7 

178.3 

168.4 

157.4 

145.6 

133.4 

121.0 


50 

228.9 

228.3 

226.2 

222.6 

217.2 

209.7 

200.1 

188.4 

175.4 

161.6 

147.5 



75 

255.0 

254.4 

252.4 

248.7 

243.1 

235.0 

223.9 

209.8 

194.1 

177.8 




100 

282.4 

281.8 

280.1 

276.9 

271.6 

263.3 

250.5 

232.8 

213.5 





125 

310.9 

310.5 

309.3 

307.1 

303.2 

296.0 

282.2 

257.5 






150 

340.0 

340.0 

339.6 

339.1 

337.9 

335.3 

324.7 








Agreement between the temperature fields for the (a) and (b) grids is good, with the largest differences 
occurring at the interior and exterior corners. Ten isotherms generated using FEHT are shown on the 
symmetric section below. Note how the heat flow is nearly normal to the flue wall around the mid¬ 
section. In the corner regions, the isotherms are curved and we’d expect that grid size might influence 
the accuracy of the results. Convection heat transfer to the inner surface is 



q' = 8hj Ax [(T„ ti - T, )/2 + (T„,i - T 2 ) + (T„j - T 3 ) + (T„j - T 4 ) 

+ ( T ~,i - T 5)+( T ~,i -TeMVi -T 7 )/2] = 1.52kW/m 

and the agreement with results of the coarse grid is excellent. 

The heat rate increases with increasing hj and h G , while temperatures in the wall increase and 
decrease, respectively, with increasing h and h D . 















PROBLEM 4.58 

KNOWN: Rectangular air ducts having surfaces at 80°C in a concrete slab with an insulated bottom 
and upper surface maintained at 30°C. 

FIND: Heat rate from each duct per unit length of duct, c\ . 


SCHEMATIC: 


Air duct- 


f 

J.SL 

L 


tct — i ^Concrete. r-72=3 0°C T-anT yConcrete see 
/ \L-150mm V 2 /~ V' section below 

rA ? 


+ 


-L- 


+ 


T 

L 

1 


+ 


nnnnnr/Ynifm) nfiTfnyTthnnn 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) No internal 
volumetric generation, (4) Constant properties. 

PROPERTIES: Concrete (given): k=1.4W/mK. 

ANALYSIS: Taking advantage of symmetry, the 
nodal network, using the suggested grid spacing 

Ax = 2Ay = 37.50 mm 
Ay = 0.125L = 18.75 mm 
where L = 150 mm, is shown in the sketch. To 

evaluate the heat rate, we need the temperatures Tp 

T 2 , T 3 , T 4 , and T 5 . All the nodes may be treated as 
interior nodes ( considering symmetry for those nodes on 
insulated boundaries), Eq. 4.33. Use matrix notation, Eq. 4.52, 

[A][T] = [C], and perform the inversion. 

The heat rate per unit length from the prescribed section of 

the duct follows from an energy balance on the nodes at the top isothermal surface. 



f?' 


-T S =30°C 


'U 



1 

w , 

1 

• s'. 





4JH170 


T?S39 >2 

%=54.89 p 


Ax=2Ay 


q , = q + qz + <b +£ m +q5 

q=k(Ax/2) Tl ~ Ts +k-Ax T2 ~ Ts +k-Ax T3 ~ Ts +k -Ax 11 " * s +k(Ax/2 ) T5 ~ Ts 
Ay Ay Ay Ay Ay 

q'=k[(Ti-T s ) + 2 (T 2 -T s )+ 2 (T 3 -T s )+ 2 (T 4 -T s )+(T 5 -T s )] 

q' =1.4 W/m-K[(41.70-30)+ 2(44.26-30)+ 2(53.92-30)+ 2(54.89-30)+ (54.98-30)] 

q' = 228 W/m. 

Since the section analyzed represents one-half of the region about an air duct, the heat loss per unit 
length for each duct is, 

cfduct = 2xq' = 456 W/m. < 


Continued 









PROBLEM 4.58 (Cont.) 


Coefficient matrix [A] 

-1J0 3000.4000000000000000000000000000 
•1-1j0 .1 000400000000000000000000000000 

0 .1-lJO .1 00000000000000000000000000000 

0 0 .1-1.0 JOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

0 0 0 3-10 0000000000000000000000000000 

4 0 0 0 O-IjO 340000000000000000000000000 

0 4 0 0 0 .1-1.0 0 4 000000000000000000000000 

0 0 0 0 0 4 O-lJO 3 400000000000000000000000 

0 0 0 0 0 0 4 .1-1.0 040000000000000000000000 

00000004 0-1.0 34000000000000000000000 

000000004 .1-lJO 0 4 00000000000000000000 

0000000004 0-1.0 3 4 0000000000000000000 

00000000004 .1-1.0 04000000000000000000 

000000000004 0-1.0 3400000000000000000 

000000000000 4 .1-14> 040000000000000000 

0000000000000 4 0-1.0 34000000000000000 

000000000000004 J-lJO 0400000000000000 
0000000000000004 0-1O 340000000000000 

00000000000000004 .1-10 04000000000000 

00000000000000000 4 O-lJO 3400000000000 
0000000000000000004 .1-1 JO 0 4 0000000000 

00000000000000000004 0-10 3 4000000000 

000000000000000000004 4-13 0400000000 

0000000000000000000004 O-lJO 3 00040000 

0000000000000000000000 4 .1-10 .1 0004000 

000000000000000000000000 ,1-lJO .1 0 0 0 4 0 0 

0000000000000000000000000 .1-1.0 .1 0 0 0 4 0 

OOOOOOOOOOOOOOOOOOOOOOOOOO 3-1.0 0 0 0 0 4 

000000000000000000000004000 0-1.0 3 0 0 0 

0000000000000000000000004000 .1—1 JO .10 0 

00000000000000000000000004000 .1-1.0 .1 0 

000000000000000000000000004000 .1—1 JO .1 
0000000000000000000000000004000 3-1.0 


RHS Vector 


Solution Vector 


-120 

-12 

44.0 

44.0 


0 

40.0 

0 

40.0 

0 

400 

0 

400 

0 

400 

0 

400 

0 

400 

0 

400 


0 

400 

0 

0 

•32.0 

•320 

-320 

0 


0 


0 


0 


0 


41.70 

4436 

53.92 

5449 

5498 

5213 

56.75 
60.24 
6498 

66.19 
69.64 
7041 
7298 
73J5 

73.20 
75.37 

76.68 
76.73 
77.66 
77.62 
78 JO 
78.16 

78.68 
7845 
7845 

79.75 
79.94 
79.97 
7834 

78.91 

79.68 

79.92 
79.96 



PROBLEM 4.59 


KNOWN: Dimensions and operating conditions for a gas turbine blade with embedded channels. 
FIND: Effect of applying a zirconia, thermal barrier coating. 


SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties, (3) Negligible 
radiation. 


ANALYSIS: Preserving the nodal network of Example 4.4 and adding surface nodes for the TBC, 
finite-difference equations previously developed for nodes 7 through 21 are still appropriate, while new 
equations must be developed for nodes lc-6c, lo-6o, and li-6i. Considering node 3c as an example, an 
energy balance yields 


h 0 Ax( t^q -T 3c ) + kc( ^ yc/2) (T 2c -T 3c ) + kc ( ^ c/ 2) (T 4c -T 3c ) + ^(T 3o -T 3c ) = 0 

Ax Ax Ay c 


or, with Ax = 1 mm and Ay c - 0.5 mm, 
0.25(T 2 c+ T 4c ) + 2T 3o - 


( h Ax'' 
2.5+ —— 

kc ) 


It h o Ax T 
f 3c =- l 


00,0 


Similar expressions may be obtained for the other 5 nodal points on the outer surface of the TBC. 
Applying an energy balance to node 3o at the inner surface of the TBC, we obtain 

^ (T 3c ~ T 3o ) + kc ( ^ C - ^ ( T 2o - T 3o ) + kc ( ^ C -^ ( T 4o - 1 T 3 o ) + (T 3i ~ T 3o ) = 0 

Ay c Ax Ax R t c 


or, 


Ax 


2T 3c + 0.25 (T 2o + T 4o ) + - — T 


kc^t,c 


3i 


2.5 + - 


Ax 


kc^t.c 


t 3o =o 


Similar expressions may be obtained for the remaining nodal points on the inner surface of the TBC 
(outer region of the contact resistance). 


Continued... 






PROBLEM 4.59 (Cont.) 


Applying an energy balance to node 3i at the outer surface of the turbine blade, we obtain 


R 


^ (T 3o ~ T 3i ) + k ( ^ ; 2) (T 2i ~ T 3i ) + k ( Ay; 2) (T 4i - T 3i ) + — (T 9 -T 3i ) = 0 


t,c 


Ax 


Ax 


Ay 


or, 


Ax 


kR 


— T 3o +0.5 (T 2 i + T 4i ) + T 9 


t,c 


2 + - 


Ax 


kR 


t,c 


T 3i = 0 


Similar expressions may be obtained for the remaining nodal points on the inner region of the contact 
resistance. 


The 33 finite-difference equations were entered into the workspace of IHT from the keyboard 
(model equations are appended), and for h D = 1000 W/m 2 K, = 1700 K, hj = 200 W/m 2 K and T MJ = 
400 K, the following temperature field was obtained, where coordinate (x,y) locations are in mm and 
temperatures are in °C. 


y\x 

0 

1 

2 

3 

4 

5 

0 

1536 

1535 

1534 

1533 

1533 

1532 

0.5 

1473 

1472 

1471 

1469 

1468 

1468 

0.5 

1456 

1456 

1454 

1452 

1451 

1451 

1.5 

1450 

1450 

1447 

1446 

1444 

1444 

2.5 

1446 

1445 

1441 

1438 

1437 

1436 

3.5 

1445 

1443 

1438 

0 

0 

0 


Note the significant reduction in the turbine blade temperature, as, for example, from a surface 
temperature of Ti = 1526 K without the TBC to Tn = 1456 K with the coating. Hence, the coating is 
serving its intended purpose. 

COMMENTS: (1) Significant additional benefits may still be realized by increasing hj. (2) The 
foregoing solution may be used to determine the temperature field without the TBC by setting k c —> °o 
and Rj c —> 0. 



PROBLEM 4.60 


KNOWN: Bar of rectangular cross-section subjected to prescribed boundary conditions. 

FIND: Using a numerical technique with a grid spacing of 0.1m, determine the temperature 
distribution and the heat transfer rate from the bar to the fluid. 

SCHEMATIC: 


T--Z00°C- 


k-l.SW/m-K- 


Note Sfmmeirj'. 


m 

T O0 -'50 o C 
~ h=50Yl/m 2 K 

Qd-irrO.bm a 


200 200 200 200 200°C 


T=200°C - 


, rrn m 

fc ?6 is T , 

hhhi 00 ,n 

:> o' Sip n 

^-^-f^To^Sywmei-ry 
cy-O.lm adiabaf 


7 ^7 pc> 


‘‘x AX=Ay -0.1m 


ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties. 

ANALYSIS: The nodal network has Ax = Ay = 0.1m. Note the adiabat corresponding to system 
symmetry. The finite-difference equations for each node can be written using either Eq. 4.33, for 
interior nodes, or Eq. 4.46, for a plane surface with convection. In the case of adiabatic surfaces, 
Eq. 4.46 is used with h = 0. Note that 

hAx _ 50W/m 2 K xO.lm _ 333 
k ~ 1.5 W/m- K 

Node Finite-Difference Equations 


1 -4Ti + 2T 2 + 2T 4 = 0 

2 -4T 2 + Ti + T 3 + 2T 5 = 0 

3 -4T 3 + 200 + 2T 6 + T 2 = 0 

4 -4T 4 + T[ + 2T 5 + T 7 = 0 

5 - 4 T 5 + T 2 + T 6 + Tg + T 4 = 0 

6 -4Tg + T 5 + T 3 + 200 + T 9 = 0 

7 - 4 T 7 + T 4 + 2Tg + T 10 = 0 

8 -4Tg + T 7 +T 5 + T 9 + Ti 1 = 0 

9 - 4 T 9 + Tg + Tg + 200 + T [ 2 = 0 

10 -4Tio + T 7 + 2T[ 1 + T i3 = 0 

11 -4Tn +Tio + Tg + Ti 2 + Ti 4 = 0 

12 -4Ti 2 + T[ 1 + T 9 +200 + T 15 = 0 

13 2Tio + T [ 4 + 6.666x30-10.666 Ti 3 = 0 

14 2T[ 1 + T [ 3 + T 15 + 6.666x30-2(3.333+2)Ti 4 = 0 

15 2T i2 +Ti 4 + 200 + 6.666x30-2(3.333+2) T 15 = 0 

Using the matrix inversion method, Section 4.5.2, the above equations can be written in the form [A] 
[T] = [C] where [A] and [C] are shown on the next page. Using a stock matrix inversion routine, 
the temperatures [T] are determined. 


Continued 





PROBLEM 4.60 (Cont.) 

"-4 20200000000 0 0 0* 

1 -4 1020000000 0 0 0 

01 -4 00 -2 000000 0 0 0 

100 -4 20100000 0 0 0 

0101 -4 1010000 0 0 0 

00101 -4 001000 0 0 0 

000100 -4 20100 0 0 0 

[A] =0000101 -4 1010 0 0 0 

00000101 -4 001 0 0 0 

000000100 -4 201 0 0 

000000010 -1 -4 1 0 1 0 

00000000 101 -4 0 0 1 

00000000 0200 - 10.66 2 0 
00000000 0020 1 - 10.66 1 

0000000000020 1 - 10.66 



Considering symmetry, the heat transfer rate to the fluid is twice the convection rate from the surfaces of the control volumes 
exposed to the fluid. Using Newton’s law of cooling, considering a unit thickness of the bar, find 

Oconv = 2 h— (Ti 3 -T 00 ) + h Ay -(T 14 - Xo) + h- Ay(T 15 - T^ + h.^(200-Too) 
Oconv = 2h■ Ay ^-(Ti 3 -T^) +(T 14 -T 00 ) + (T i5 - )+1 (200- ) 

w r i i 

Oconv = 2x5°— 5 - xO.lm -(45.8-30) +(48.7-30) + (67.0-30)+ -(200-30) 

m Z K L 2 2 


Oconv = 1487 w/m - 


< 



PROBLEM 4.61 


KNOWN: Upper surface and grooves of a plate are maintained at a uniform temperature Ti, while the 
lower surface is maintained at T 2 or is exposed to a fluid at T„. 

FIND: (a) Heat rate per width of groove spacing (w) for isothermal top and bottom surfaces using a 
finite-difference method with Ax = 40 mm, (b) Effect of grid spacing and convection at bottom surface. 


SCHEMATIC: 




Adiabat 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 


ANALYSIS: (a) Using a space increment of Ax = 40 mm, the symmetrical section shown in schematic 
(a) corresponds to one-half the groove spacing. There exist only two interior nodes for which finite- 
difference equations must be written. 


Node a: 

4T a -(T 1 +T b +T 2 +T 1 ) = 0 

4T a -(200 + T b + 20 + 200) = 0 

or 

4T a -T b =420 

(1) 

Node b: 

4T b -(T 1+ T a +T 2 +T a ) = 0 

4T b - (200 + 2T a + 20) = 0 

or 

-2T a +4T b =220 

(2) 


Multiply Eq. (2) by 2 and subtract from Eq. (1) to obtain 
7T b = 860 or T b = 122.9°C 

From Eq. (1), 

4T a - 122.9 = 420 or T a = (420 + 122.9)/4 = 135.7°C. 

The heat transfer through the symmetrical section is equal to the sum of heat flows through control 
volumes adjacent to the lower surface. From the schematic, 


0=01+02+03 =k 


Ax 


Ti-t 2 


Ay 


+ k(Ax)- 


t 2 


Ay 


+ k 


AxjT b -T 2 
2 


J 


Ay 


Continued... 












PROBLEM 4.61 (Cont.) 


Noting that Ax = Ay, regrouping and substituting numerical values, find 
q' = k 

q' = 15W/m-K 

For the full groove spacing, qtotal = 2 x 3.86 kW/m = 7.72 kW/m 


i(Ti-T 2 ) + (T a -T 2 )+i(T b -T 2 ) 

|(200-20) + (135.7-20) + ^(l22.9-20) 


= 3.86kW/m. 


< 


(b) Using the Finite-Difference Equations option from the Tools portion of the IHT menu, the following 
two-dimensional temperature field was computed for the grid shown in schematic (b), where x and y are 
in mm and the nodal temperatures are in °C. Nodes 2-54 are interior nodes, with those along the 
symmetry adiabats characterized by T m _i jn = T m+ i, n , while nodes 55-63 lie on a plane surface. 


y\x 

0 

0 


10 


20 


30 


40 

200 

50 

141.4 

60 

97.09 

70 

57.69 

80 

20 


10 

20 


200 

200 

182.4 

175.4 

160.3 

134.3 

125.7 

94.62 

90.27 

56.83 

55.01 

20 

20 


30 

40 

200 

200 

191 

186.7 

177.2 

169.5 

160.1 

148.9 

140.1 

118.0 

111.6 

85.73 

81.73 

52.95 

51.04 

20 

20 


50 

60 

200 

200 

186.6 

184.3 

171.2 

167.5 

153.4 

149.0 

133.5 

128.7 

106.7 

103.1 

78.51 

76.17 

49.46 

48.31 

20 

20 


70 

80 

200 

200 

183.1 

182.8 

165.5 

164.8 

146.4 

145.5 

125.7 

124.4 

100.9 

100.1 

74.73 

74.24 

47.60 

47.36 

20 

20 


The foregoing results were computed for h = 10 7 W/m 2 K (h —> °°) and T«, = 20°C, which is tantamount 
to prescribing an isothermal bottom surface at 20°C. Agreement between corresponding results for the 
coarse and fine grids is surprisingly good (T a = 135.7°C <-> T 2 3 = 140.1°C; T b = 122.9°C <-> T 2 7 = 
124.4°C). The heat rate is 


q = 2x k [(T 46 - T 55 )/2 + (T 47 - T 56 ) + (T 48 - T 57 ) + (T 49 - T 58 ) + (T 50 - T 59 ) 

+ (T 5 1 - T 60 ) ■+ (T 52 - T 6 j ) + (T 53 - T 62 ) + (T 54 - T 63 )/2] 

q = 2x 15 W/m ■ K [l 8.84 + 36.82 + 35.00 + 32.95 + 31.04 + 29.46 < 

+28.31 +27.6 + 13.68]° C = 7.61kW/m 


The agreement with q' = 7.72 kW/m from the coarse grid of part (a) is excellent and a fortuitous 
consequence of compensating errors. With reductions in the convection coefficient from h —> °<= to h = 
1000, 200 and 5 W/nT-K, the corresponding increase in the thermal resistance reduces the heat rate to 
values of 6.03, 3.28 and 0.14 kW/m, respectively. With decreasing h, there is an overall increase in 
nodal temperatures, as, for example, from 191°C to 199.8°C for T 2 and from 20°C to 196.9°C for T 55 . 

NOTE TO INSTRUCTOR: To reduce computational effort, while achieving the same educational 
objectives, the problem statement has been changed to allow for convection at the bottom, rather than the 
top, surface. 



PROBLEM 4.62 


KNOWN: Rectangular plate subjected to uniform temperature boundaries. 

FIND: Temperature at the midpoint using a finite-difference method with space increment of 0.25m 

SCHEMATIC: 




T a =50°C- 




Z--5°0°C J 


Y-T#50°C 




T b =150°C 
Tq=50°C j 


1 - - - 1 Symmetry 

s. 6. 7 . 

10. 11. iz\ 
k—sJ-/ 


k >1 a x=0.Z5m 


ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties. 

ANALYSIS: For the nodal network above, 12 finite-difference equations must be written. It follows 
that node 8 represents the midpoint of the rectangle. Since all nodes are interior nodes, Eq. 4.33 is 
appropriate and is written in the form 

4T m — y T ne j g fri-, ors = 0. 


For nodes on the symmetry adiabat, the neighboring nodes include two symmetrical nodes. Hence, for 
Node 4, the neighbors are T^, Tg and 2 T 3 . Because of the simplicity of the finite-difference equations, 
we may proceed directly to the matrices [A] and [C] - see Eq. 4.52 - and matrix inversion can be 
used to find the nodal temperatures T m . 
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0 
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-100 


59.9 
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0 
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-50 
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0 

0 

0 

0 
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0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

2 

-4 
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71.0 


The temperature at the midpoint (Node 8 ) is 


T (1,0.5) = T 8 =94.0°C. 


< 


COMMENTS: Using the exact analytical, solution - see Eq. 4.19 and Problem 4.2 - the midpoint 
temperature is found to be 94.5°C. To improve the accuracy of the finite-difference method, it would 
be necessary to decrease the nodal mesh size. 




PROBLEM 4.63 

KNOWN: Long bar with trapezoidal shape, uniform temperatures on two surfaces, and two insulated 
surfaces. 

FIND: Heat transfer rate per unit length using finite-difference method with space increment of 
10 mm. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties. 

ANALYSIS: The heat rate can be found after the temperature distribution has been determined. 

Using the nodal network shown above with Ax = 10mm, nine finite-difference equations must be 
written. Nodes 1-4 and 6-8 are interior nodes and their finite-difference equations can be written 
directly from Eq. 4.33. For these nodes 

Tm,n +1 +T m , n -l + T m+ p n + T m _p n — 4T mn = 0 m= 1—4,6 —8. (1) 

For nodes 5 and 9 located on the diagonal, insulated boundary, the appropriate finite-difference equation 
follows from an energy balance on the control volume shown above (upper-right comer of schematic), 

^in — ^out =c la +c lb = 0 


k(Ay.l)f m -‘- n Tm ’ n 


Ax 


-t-k(Ax-l) 


Tm,n -1 T m ,n 


■ 0 . 


Since Ax = Ay, the finite-difference equation for nodes 5 and 9 is of the form 

Tm-Ln + Tm,n -1 ~ 2T m n = 0 m=5,9. 


( 2 ) 


The system of 9 finite-difference equations is first written in the form of Eqs. (1) or (2) and then 
written in explicit form for use with the Gauss-Seidel iteration method of solution; see Section 4.5.2. 


Node 

Finite-difference equation 

Gauss-Seidel form 

1 

T 2 +T2+T 6 +1()()-4T i = 0 

Tj = 0.5T 2 +0.25T 6 +25 

2 

T 3 +T i +T 7 + 1 00-4T 2 = 0 

T 2 = 0.25(T 1 +T 3 +T 7 )+25 

3 

T 4 +T 2 +T 8 +100-4T 3 = 0 

T 3 = 0.25(T 2 +T 4 +T 8 )+25 

4 

T 5 +T 3 +T 9 +KXMT 4 = 0 

T 4 = 0.25(T 3 +T 5 +T 9 )+25 

5 

IOO+T 4 - 2 T 5 = 0 

T 5 = 0.5T 4 +50 

6 

T- 7 +T 7 + 25 +T j-4T 6 = 0 

T 6 = 0.25TJ+0.5T7+6.25 

7 

T 8 +T 6 +25+T 2 -4T 7 = 0 

T 7 = 0.25(T 2 +T 6 +T 8 )+6.25 

8 

T 9 +T 7 + 25 +T 3 - 4 T 8 = 0 

T 8 = 0.25(T 3 +T7+T 9 )+6.25 

9 

T 4 +T 8 -2T 9 = 0 

T 9 = 0.5(T 4 +T 8 ) 


Continued 






PROBLEM 4.63 (Cont.) 

The iteration process begins after an initial guess (k = 0) is made. The calculations are shown in the 
table below. 


k 

Ti 

t 2 

t 3 

t 4 

t 5 

t 6 

t 7 

Tg 

T 9 (°C) 

0 

75 

75 

80 

85 

90 

50 

50 

60 

75 

1 

75.0 

76.3 

80.0 

86.3 

92.5 

50.0 

52.5 

57.5 

72.5 

2 

75.7 

76.9 

80.0 

86.3 

93.2 

51.3 

52.2 

57.5 

71.9 

3 

76.3 

77.0 

80.2 

86.3 

93.2 

51.3 

52.7 

57.3 

71.9 

4 

76.3 

77.3 

80.2 

86.3 

93.2 

51.7 

52.7 

57.5 

71.8 

5 

76.6 

77.3 

80.3 

86.3 

93.2 

51.7 

52.9 

57.4 

71.9 

6 

76.6 

77.5 

80.3 

86.4 

93.2 

51.9 

52.9 

57.5 

71.9 


Note that by the sixth iteration the change is less than 0.3°C; hence, we assume the temperature 
distribution is approximated by the last row of the table. 

The heat rate per unit length can be determined by evaluating the heat rates in the x-direction for the 
control volumes about nodes 6 , 7, and 8 . From the schematic, find that 

q / = q{ + 02+03 

, , A Tg-25 , . T 7 -25 , Ay T 6 -25 
q =kAy-2- + kAy—^-+ k — -2- 

Ax Ax 2 Ax 


Recognizing that Ax = Ay and substituting numerical values, find 


q = 20 


W 


m ■ K 


(57.5-25)+(52.9-25)+ 1(51.9-25) 


K 


q' =1477 W/m. < 

COMMENTS: (1) Recognize that, while the temperature distribution may have been determined to a 
reasonable approximation, the uncertainty in the heat rate could be substantial. This follows since the 
heat rate is based upon a gradient and hence on temperature differences. 

(2) Note that the initial guesses (k = 0) for the iteration are within 5°C of the final distribution. The 
geometry is simple enough that the guess can be very close. In some instances, a flux plot may be 
helpful and save labor in the calculation. 

(3) In writing the FDEs, the iteration index (superscript k) was not included to simplify expression of 
the equations. However, the most recent value of T m n is always used in the computations. Note that 
this system of FDEs is diagonally dominant and no rearrangement is required. 



PROBLEM 4.64 


KNOWN: Edge of adjoining walls (k = 1 W/m-K) represented by symmetrical element bounded by the 
diagonal symmetry adiabat and a section of the wall thickness over which the temperature distribution is 
assumed to be linear. 

FIND: (a) Temperature distribution, heat rate and shape factor for the edge using the nodal network with 
= Ax = Ay = 10 mm; compare shape factor result with that from Table 4.1; (b) Assess the validity of 
assuming linear temperature distributions across sections at various distances from the edge. 

SCHEMATIC: 



ASSUMPTIONS: (1) Two-dimensional, steady-state conduction, (2) Constant properties, and (3) Linear 
temperature distribution at specified locations across the section. 

ANALYSIS: (a) Taking advantage of symmetry along the adiabat diagonal, all the nodes may be treated 
as interior nodes. Across the left-hand boundary, the temperature distribution is specified as linear. The 
finite-difference equations required to determine the temperature distribution, and hence the heat rate, 
can be written by inspection. 

T 3 =0.25(T 2 +T 4 +T 6 +T c ) 

T 4 =0.25(T 2 +T 5 +T 7 +T 3 ) 

T 5 =0.25(T2+T 2 +T4+T 4 ) 

T 6 =0.25(T 3 +T 7 +T 8 +T b ) 

T 7 =0.25(T 4 +T 4 +T 6 +T 6 ) 

T 8 =0.25(T 6 +T 6 +T a +T a ) 

The heat rate for both surfaces of the edge is 

q'tot =2[q / a+qb+qc+qd] 

q'tot = 2 [k (Ax/2) (T c - T 2 )/Ay + kAx (T 3 - T 2 )/Ay + kAx (T 4 - T 2 )/Ay + kAx (T 5 - T 2 )/Ax] 
The shape factor for the full edge is defined as 
qiot =kS'(Tj -T 2 ) 

Solving the above equation set in IHT, the temperature (°C) distribution is 


Continued... 
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0 0 0 0 0 

25 18.75 12.5 6.25 

50 37.5 25.0 < 

75 56.25 

00 

and the heat rate and shape factor are 

Otot = 100W/m S = 1 < 

From Table 4.1, the edge shape factor is 0.54, considerably below our estimate from this coarse grid 
analysis. 

(b) The effect of the linear temperature distribution on the shape factor estimate can be explored using a 
more extensive grid as shown below. The FDE analysis was performed with the linear distribution 
imposed as the different sections a, b, c, d, e. Following the same approach as above, find 

Location of linear distribution (a) (b) (c) (d) (e) 

Shape factor, S 0.797 0.799 0.809 0.857 1.00 

The shape factor estimate decreases as the imposed linear temperature distribution section is located 
further from the edge. We conclude that assuming the temperature distribution across the section directly 
at the edge is a poor-one. 



(a) (b) (c) (d) (e) •<— Linear distribution 


section designation 

COMMENTS: The grid spacing for this analysis is quite coarse making the estimates in poor agreement 
with the Table 4.1 result. However, the analysis does show the effect of positioning the linear 
temperature distribution condition. 



PROBLEM 4.65 


KNOWN: Long triangular bar insulated on the diagonal while sides are maintained at uniform 
temperatures T a and T b . 

FIND: (a) Using a nodal network with five nodes to the side, and beginning with properly defined 
control volumes, derive the finite-difference equations for the interior and diagonal nodes and obtain the 
temperature distribution; sketch the 25, 50 and 75°C isotherms and (b) Recognizing that the insulated 
diagonal surface can be treated as a symmetry line, show that the diagonal nodes can be treated as 
interior nodes, and write the finite-difference equations by inspection. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional heat transfer, and (3) Constant 
properties. 

ANALYSIS: (a) For the nodal network shown above, nodes 2, 4, 5, 7, 8 and 9 are interior nodes and, 
since Ax = Ay, the corresponding finite-difference equations are of the form, Eq. 4.33, 

Tj = l/4 ^ ^"neighbors (1) 

For a node on the adiabatic, diagonal surface, an energy balance, Ej n -E out = 0 , yields 


9a +% +9c =° 

T< — To To — To 

0 + kAx —-— + kAy —-^ = 0 

Ay Ax 

T 3 =1/2(T 2+ T 5 ) (2) 

That is, for the diagonal nodes, m, 

Tm = 1/2 ^ 3 neighbors 



(3) 


To obtain the temperature distributions, enter Eqs. (1, 2, 3) into the IHT workspace and solve for the 
nodal temperatures (°C), tabulated according to the nodal arrangement: 


Continued... 





PROBLEM 4.65 (Cont.) 


00 

85.71 



00 

71.43 

50.00 


00 

50.00 

28.57 

14.29 

— 

0 

0 

0 


The 25, 50 and 75°C isotherms are sketched below, using an interpolation scheme to scale the isotherms 
on the triangular bar. 



(b) If we consider the insulated surface as a symmetry plane, the nodal network appears as shown. As 
such, the diagonal nodes can be treated as interior nodes, as Eq. (1) above applies. Recognize the form is 
the same as that of Eq. (2) or (3). 



COMMENTS: Always look for symmetry conditions which can greatly simplify the writing of nodal 
equations. In this situation, the adiabatic surface can be treated as a symmetry plane such that the nodes 
can be treated as interior nodes, and the finite-difference equations can be written by inspection. 




PROBLEM 4.66 

KNOWN: Straight fin of uniform cross section with prescribed thermal conditions and geometry; tip 
condition allows for convection. 

FIND: (a) Calculate the fin heat rate, qf , and tip temperature, Tp , assuming one-dimensional heat 
transfer in the fin; calculate the Biot number to determine whether the one-dimensional assumption is 
valid, (b) Using the finite-element software FEHT, perform a two-dimensional analysis to determine 
the fin heat rate and the tip temperature; display the isotherms; describe the temperature field and the 
heat flow pattern inferred from the display, and (c) Validate your FEHT code against the 1-D 
analytical solution for a fin using a thermal conductivity of 50 and 500 W/m-K. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conduction with constant properties, (2) Negligible radiation 
exchange, (3) Uniform convection coefficient. 

ANALYSIS: (a) Assuming one-dimensional conduction, qp and Tp can be determined using Eqs. 
3.72 and 3.70, respectively, from Table 3.4, Case A. Alternatively, use the IHT Model I Extended 
Surfaces I Temperature Distribution and Heat Rate I Straight Fin I Rectangular. These results are 
tabulated below and labeled as “1-D.” The Biot number for the fin is 

_ h(t/2) _ 500 W/m 2 K (0.020 m/2) 

1_ k 5 W/m-K * 

(b, c) The fin can be drawn as a two-dimensional outline in FEHT with convection boundary 
conditions on the exposed surfaces, and with a uniform temperature on the base. Using a fine mesh (at 
least 1280 elements), solve for the temperature distribution and use the View I Temperature Contours 
command to view the isotherms and the Heat Flow command to determine the heat rate into the fin 
base. The results of the analysis are summarized in the table below. 


k 

(W/m-K) 

Bi 

Tip temperature, T L (°C) 

Fin heat rate, q£ (W/m) 

Difference* 

(%) 

1-D 

2-D 

1-D 

2-D 

5 

1 

100 

100 

1010 

805 

20 

50 

0.1 

100.3 

100 

3194 

2990 

6.4 

500 

0.01 

123.8 

124 

9812 

9563 

2.5 


* Difference = (qpj D -q'f,2D )xl00/qp 1D 

COMMENTS: (1) From part (a), since Bi = 1 > 0.1, the internal conduction resistance is not 
negligible. Therefore significant transverse temperature gradients exist, and the one-dimensional 
conduction assumption in the fin is a poor one. 


Continued 
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(2) From the table, with k = 5 W/m-K (Bi = 1), the 2-D fin heat rate obtained from the FEA analysis is 
20% lower than that for the 1-D analytical analysis. This is as expected since the 2-D model accounts 
for transverse thermal resistance to heat flow. Note, however, that analyses predict the same tip 
temperature, a consequence of the fin approximating an infinitely long fin (mL = 20.2 » 2.56; see Ex. 
3.8 Comments). 

(3) For the k = 5 W/m-K case, the FEHT isotherms show considerable curvature in the region near the 
fin base. For example, at x = 10 and 20 mm, the difference between the centerline and surface 
temperatures are 15 and 7°C. 

(4) From the table, with increasing thermal conductivity, note that Bi decreases, and the one¬ 
dimensional heat transfer assumption becomes more appropriate. The difference for the case when k = 
500 W/m-K is mostly due to the approximate manner in which the heat rate is calculated in the FEA 
software. 



PROBLEM 4.67 


KNOWN: Long rectangular bar having one boundary exposed to a convection process (Too, h) while 
the other boundaries are maintained at constant temperature T s . 

FIND: Using the finite-element method of FEHT, (a) Determine the temperature distribution, plot 
the isotherms, and identify significant features of the distribution, (b) Calculate the heat rate per unit 
length (W/m) into the bar from the air stream, and (c) Explore the effect on the heat rate of increasing 
the convection coefficient by factors of two and three; explain why the change in the heat rate is not 
proportional to the change in the convection coefficient. 


SCHEMATIC: 



Symmetry plane 
k = 1 W/m-K 


ASSUMPTIONS: (1) Steady-state, two dimensional conduction, (2) Constant properties. 

ANALYSIS: (a) The symmetrical section shown in the schematic is drawn in FEHT with the 
specified boundary conditions and material property. The View I Temperature Contours command is 
used to represent ten isotherms (isopotentials) that have minimum and maximum values of 53.9°C and 
85.9°C, respectively. 


Tint- 100 C. h - 100 W/m^-K 
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View/Temperature Contours 



Minimum T = 

Maximum T' 

' 53.9 C 

■85.9 C 
























\ 

_ 1 



















































































Ta«S0C 








Because of the symmetry boundary condition, the isotherms are normal to the center-plane indicating 
an adiabatic surface. Note that the temperature change along the upper surface of the bar is 
substantial (~ 40°C), whereas the lower half of the bar has less than a 3°C change. That is, the lower 
half of the bar is largely unaffected by the heat transfer conditions at the upper surface. 

(b, c) Using the View I Heat Flows command considering the upper surface boundary with selected 
convection coefficients, the heat rates into the bar from the air stream were calculated. 


h(w/m 2 k) 

100 

200 

300 

q'(W / m) 

128 

175 

206 


Increasing the convection coefficient by factors of 2 and 3, increases the heat rate by 37% and 61%, 
respectively. The heat rate from the bar to the air stream is controlled by the thermal resistances of 
the bar (conduction) and the convection process. Since the conduction resistance is significant, we 
should not expect the heat rate to change proportionally to the change in convection resistance. 




PROBLEM 4.68 


KNOWN: Log rod of rectangular cross-section of Problem 4.55 that experiences uniform heat 
generation while its surfaces are maintained at a fixed temperature. Use the finite-element software 
FEHT as your analysis tool. 

FIND: (a) Represent the temperature distribution with representative isotherms; identify significant 
features; and (b) Determine what heat generation rate will cause the midpoint to reach 600 K with 
unchanged boundary conditions. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, and (2) Two-dimensional conduction with constant 
properties. 

ANALYSIS: (a) Using FEHT , do the following: in Setup, enter an appropriate scale; Draw the 
outline of the symmetrical section shown in the above schematic; Specify the Boundary Conditions 
(zero heat flux or adiabatic along the symmetrical lines, and isothermal on the edges). Also Specify the 
Material Properties and Generation rate. Draw three Element Lines as shown on the annotated 
version of the FEHT screen below. To reduce the mesh, hit Draw/Reduce Mesh until the desired 
fineness is achieved (256 elements is a good choice). 




y (mm) 














T(0 

,10) 

t 




symmetry boundary, 

adiabatic 




(part b) 


Adiabatic 


( 0 , 0 ) 


qdot = 5e7 W/m A 3 
k = 20 W/m-K 


(15,10) 


Ts = 300 K 


-> x (mm) 


Ts = 300 K 
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PROBLEM 4.68 (Cont.) 


After hitting Run, Check and then Calculate, use the View/Temperature Contours and select the 10- 
isopotential option to display the isotherms as shown in an annotated copy of the FEHT screen below. 



The isotherms are normal to the symmetrical lines as expected since those surfaces are adiabatic. The 
isotherms, especially near the center, have an elliptical shape. Along the x = 0 axis and the y = 10 
mm axis, the temperature gradient is nearly linear. The hottest point is of course the center for which 
the temperature is 

(T(0, 10 mm) =401.3 K. < 

The temperature of this point can be read using the View/Temperatures or View\Tabular Output 
command. 

(b) To determine the required generation rate so that T(0, 10 mm) = 600 K, it is necessary to re-run the 
model with several guessed values of q . After a few trials, find 

q = 1.48xl0 8 W/m 3 


< 



PROBLEM 4.69 


KNOWN: Symmetrical section of a flow channel with prescribed values of q and k. as well as the 
surface convection conditions. See Problem 4.5(S). 

FIND: Using the finite-element method of FEHT, (a) Determine the temperature distribution and plot 
the isotherms; identify the coolest and hottest regions, and the region with steepest gradients; describe 
the heat flow field, (b) Calculate the heat rate per unit length (W/m) from the outer surface A to the 
adjacent fluid, (c) Calculate the heat rate per unit length (W/m) to surface B from the inner fluid, and 
(d) Verify that the results are consistent with an overall energy balance on the section. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties. 
ANALYSIS: (a) The symmetrical section shown in the schematic is drawn in FEHT with the 
specified boundary conditions, material property and generation. The View I Temperature Contours 
command is used to represent ten isotherms (isopotentials) that have minimum and maximum values 
of 82.1°C and 125.2°C. 



The hottest region of the section is the upper vertical leg (left-hand corner). The coolest region is in 
the lower horizontal leg at the far right-hand boundary. The maximum and minimum section 
temperatures (125°C and 77°C), respectively, are higher than either adjoining fluid. Remembering 
that heat flow lines are normal to the isotherms, heat flows from the hottest corner directly to the inner 
fluid and downward into the lower leg and then flows out surface A and the lower portion of surface 
B. 


Continued 
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(b. c) Using the View I Heat Flows command considering the boundaries for surfaces A and B, the 
heat rates are: 

q^llSSW/m qg=-1365 W/m. < 

From an energy balance on the section, we note that the results are consistent since conservation of 
energy is satisfied. 

^in - E ou t + Eg = 0 

-qA+qB+qv' = o 

-1135 W/m + (-1365 W/m) + 2500 W/m = 0 < 

where qV' = lxl0 6 W/m 3 x [25x50 + 25 x50]xl(T 6 m 2 = 2500 W/m. 

COMMENTS: (1) For background on setting up this problem in FEHT, see the tutorial example of 
the User’s Manual. While the boundary conditions are different, and the internal generation term is to 
be included, the procedure for performing the analysis is the same. 

(2) The heat flow distribution can be visualized using the View I Temperature Gradients command. 
The direction and magnitude of the heat flow is represented by the directions and lengths of arrows. 
Compare the heat flow distribution to the isotherms shown above. 



PROBLEM 4.70 

KNOWN: Hot-film flux gage for determining the convection coefficient of an adjoining fluid stream 
by measuring the dissipated electric power, P e , and the average surface temperature, T s f. 

FIND: Using the finite-element method of FEHT , determine the fraction of the power dissipation that 
is conducted into the quartz substrate considering three cases corresponding to convection coefficients 

of 500, 1000 and 2000 W/m 2 K. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant substrate properties, 

(3) Uniform convection coefficient over the hot-film and substrate surfaces, (4) Uniform power 
dissipation over hot film. 

ANALYSIS: The symmetrical section shown in the schematic above (right) is drawn into FEHT 
specifying the substrate material property. On the upper surface, a convection boundary condition 

(Too,h) is specified over the full width W/2. Additionally, an applied uniform flux ^Pg, W / m“ j 

boundary condition is specified for the hot-film region (w/2). The remaining surfaces of the two- 
dimensional system are specified as adiabatic. In the schematic below, the electrical power dissipation 
Pg (W/m) in the hot film is transferred by convection from the film surface, qg V f , and from the 

adjacent substrate surface, qg V s . 



The analysis evaluates the fraction, F, of the dissipated electrical power that is conducted into the 
substrate and convected to the fluid stream, 

F = 0cv,s / Pe = 1 — 0cv,f / Pe 

where Pg = P^ (w / 2) = 5000 W/m 2 x(0.002 m) = 10 W/m. 

After solving for the temperature distribution, the View\Hecit Flow command is used to evaluate qg V | 
for the three values of the convection coefficient. 


Continued 
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Case 

h(W/m 2 K) 

Ocv.f (W/m) 

F(%) 

T s ,f(°C) 

1 

500 

5.64 

43.6 

30.9 

2 

1000 

6.74 

32.6 

28.6 

3 

2000 

7.70 

23.3 

27.0 


COMMENTS: (1) For the ideal hot-film flux gage, there is negligible heat transfer to the substrate, 
and the convection coefficient of the air stream is calculated from the measured electrical power, Pg, 

the average film temperature (by a thin-film thermocouple), T s f, and the fluid stream temperature, Too, 
as h = Pg /(T s f -Too ). The puipose in performing the present analysis is to estimate a correction 
factor to account for heat transfer to the substrate. 

(2) As anticipated, the fraction of the dissipated electrical power conducted into the substrate, F, 
decreases with increasing convection coefficient. For the case of the largest convection coefficient, F 
amounts to 25%, making it necessary to develop a reliable, accurate heat transfer model to estimate the 
applied correction. Further, this condition limits the usefulness of this gage design to flows with high 
convection coefficients. 

(3) A reduction in F, and hence the effect of an applied correction, could be achieved with a substrate 
material having a lower thermal conductivity than quartz. However, quartz is a common substrate 
material for fabrication of thin-film heat-flux gages and thermocouples. By what other means could 
you reduce F? 


(4) In addition to the tutorial example in the FEHT User’s Manual, the solved models for Examples 
4.3 and 4.4 are useful for developing skills helpful in solving this problem. 



PROBLEM 4.71 


KNOWN: Hot-plate tool for micro-lithography processing of 300-mm silicon wafer consisting of an 
aluminum alloy equalizing block (EB) heated by ring-shaped main and trim electrical heaters (MH 
and TH) providing two-zone control. 

FIND: The assignment is to size the heaters, MH and TH, by specifying their applied heat fluxes, 
and q^, and their radial extents, Ar m ^ and Ar t ^ , to maintain an operating temperature of 
140°C with a uniformity of 0.1°C. Consider these steps in the analysis: (a) Perform an energy 
balance on the EB to obtain an initial estimate for the heater fluxes with q^ = q^ extending over 

the full radial limits; using FEHT , determine the upper surface temperature distribution and comment 
on whether the desired uniformity has been achieved; (b) Re-run your FEHT code with different 
values of the heater fluxes to obtain the best uniformity possible and plot the surface temperature 
distribution; (c) Re-run your FEHT code for the best arrangement found in part (b) using the 
representative distribution of the convection coefficient (see schematic for h(r) for downward flowing 
gas across the upper surface of the EB; adjust the heat flux of TH to obtain improved uniformity; and 
(d) Suggest changes to the design for improving temperature uniformity. 

SCHEMATIC: 


(JjGasb 


Tqo = 25°C 




h = 10 W/m 2 -K or h(r) 


Equilizing block (EB) 
k = 75 W/m-K 

W/////T 


MH, q m h 




TH, qt h 




T m ,h 


f 

w 


-> r 


r 3 


r 4 


< 


h(r) = h 0 [1+a(r/r 0 ) n ] 
h 0 = 5.4 W/m 2 -K 
a = n = 1.5 

Dimensions (mm) 
iq = 30 
r 2 = 90 
r 3 = 120 
r 4 = 150 
r o =170 
w = 30 


ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction with uniform and 
constant properties in EB, (3) Lower surface of EB perfectly insulated, (4) Uniform convection 
coefficient over upper EB surface, unless otherwise specified and (5) negligible radiation exchange 
between the EB surfaces and the surroundings. 

ANALYSIS: (a) To obtain initial estimates for the MH and TH fluxes, perform an overall energy 
balance on the EB as illustrated in the schematic below. 




Too.h 


EB 




/ 


■ 1 




i * 


T s = 140°C 


Too,h 
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mh 


qth 




r i 
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// / 2 2 \ , » 
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(*-*)■ 


K + 2;rr 0 w 


(T s -T oo ) = 0 
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Substituting numerical values and letting , find 

Qmh = q[h =2939 W/n7 


< 


Using FEHT, the analysis is performed on an axisymmetric section of the EB with the nodal 
arrangement as shown below. 



The Temperature Contour view command is used to create the temperature distribution shown below. 
The temperatures at the center (Ti) and the outer edge of the wafer (r = 150 mm, T 14 ) are read from 
the Tabular Output page. The Temperature Gradients view command is used to obtain the heat flow 
distribution when the line length is proportional to the magnitude of the heat rate. 



From the analysis results, for this base case design (q^ = q^ ), the temperature difference across 

the radius of the wafer is 1.7°C, much larger than the design goal of 0.1°C. The upper surface 
temperature distribution is shown in the graph below. 


Continued 







































































































































































PROBLEM 4.71 (Cont.) 


EB surface temperature distribution 



Radial position, r (mm) 


(b) From examination of the results above, we conclude that if is reduced and increased, the 

EB surface temperature uniformity could improve. The results of three trials compared to the base 
case are tabulated below. 


Trial 




9mh 

(w/m 2 


qth 

(w/m 2 ) 


Tl T U 

(°C) (°C) 


Tl-Tjq 

(°C) 


Base 

2939 

2939 

141.1 

139.3 

1.8 

1 

2880 

(-2%) 

2997 

(+2%) 

141.1 

139.4 

1.7 

2 

2880 

(-2%) 

3027 

(+3%) 

141.7 

140.0 

1.7 

3 

2910 

(-1%) 

2997 

(+2%) 

141.7 

139.9 

1.8 

Part (c) 

2939 

2939 

141.7 

139.1 

2.6 

Part (d) 2939 

k=150 W/m-K 

2939 

140.4 

139.5 

0.9 

Part (d) 2939 

k=300 W/m-K 

2939 

140.0 

139.6 

0.4 


The strategy of changing the heater fluxes (trials 1-3) has not resulted in significant improvements in 
the EB surface temperature uniformity. 
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(c) Using the same FEHT code as with part (b), base case, the boundary conditions on the upper 

surface of the EB were specified by the function h(r) shown in the schematic. The value of h(r) 

2 

ranged from 5.4 to 13.5 W/m K between the centerline and EB edge. The result of the analysis is 
tabulated above, labeled as part (c). Note that the temperature uniformity has become significantly 
poorer. 

(d) There are at least two options that should be considered in the re-design to improve temperature 
uniformity. Higher thermal conductivity material for the EB. Aluminum alloy is the material most 
widely used in practice for reasons of low cost, ease of machining, and durability of the heated 
surface. The results of analyses for thermal conductivity values of 150 and 300 W/m-K are tabulated 
above, labeled as part (d). Using pure or oxygen-free copper could improve the temperature 
uniformity to better than 0.5°C. 

Distributed heater elements. The initial option might be to determine whether temperature uniformity 
could be improved using two elements, but located differently. Another option is a single element 
heater spirally embedded in the lower portion of the EB. By appropriately positioning the element as 
a function of the EB radius, improved uniformity can be achieved. This practice is widely used where 
precise and uniform temperature control is needed. 



PROBLEM 4.72 


KNOWN: Straight fin of uniform cross section with insulated end. 

FIND: (a) Temperature distribution using finite-difference method and validity of assuming one¬ 
dimensional heat transfer, (b) Fin heat transfer rate and comparison with analytical solution, Eq. 3.76, (c) 
Effect of convection coefficient on fin temperature distribution and heat rate. 


SCHEMATIC: 


T b = 100 °C 


C ^p 7> 30 °C 
^-> h = 500 W /m 2 • K 


T b = 100 °C\/_ 


' conv 


J k = 50W/m K J> 

X 


l 

1 — 1 / 1 / = 


w = 6 mm 


If 


°*> 1 . 2 




,i°* 11 « 12 « 


9 cond 


►i-Ax = 4 mm rp v 


L = 48 mm 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in fin, (3) Constant 
properties, (4) Uniform film coefficient. 


ANALYSIS: (a) From the analysis of Problem 4.45, the finite-difference equations for the nodal 
arrangement can be directly written. For the nodal spacing Ax = 4 mm, there will be 12 nodes. With | 
» w representing the distance normal to the page, 


hp * 2 
■Ax 


kA r 


h-2£ 2 h ■ 2 2 

-Ax =-Ax 


500 W m ■ K x 2 


k-Aw 


kw 


50W/mKx6xl0 '’m 


— 1 

< ... ' 


4x10 mm 


)=°, 


0533 


Node 1: IOO + T 2 +0.0533x30 — (2 + 0.0533)T^ =0 or 
Node n: Tn+1 + Tn—1 + 1 -60 — 2.0533T n =0 or 

Node 12: T u +(0.0533/2)30-(0.0533/2 + l)T 12 =0 or 


-2.053Ti + T 2 = -101.6 
T n _ 1 -2.053T n +T n _ 1 =-1.60 
Tj 2-1.0267^2 =-0.800 


Using matrix notation, Eq. 4.52, where [A] [T] = [C], the A-matrix is tridiagonal and only the non-zero 
terms are shown below. A matrix inversion routine was used to obtain [T]. 


Tridiagonal Matrix A 


Column Matrices 



Nonzero Terms 



Values 

Node 

C 

T 


ai.i 

ai, 2 


-2.053 1 

1 

-101.6 

85.8 

&2.1 

a 2 ,2 

a 2 ,3 

1 

-2.053 1 

2 

-1.6 

74.5 

&3,2 

a3,3 

a 3,4 

1 

-2.053 1 

3 

-1.6 

65.6 

^4,3 

a4,4 

a 4,5 

1 

-2.053 1 

4 

-1.6 

58.6 

&5,4 

35,5 

a 5,6 

1 

-2.053 1 

5 

-1.6 

53.1 

^6,5 

a6,6 

a 6,7 

1 

-2.053 1 

6 

-1.6 

48.8 

^7,6 

a7,7 

a 7,8 

1 

-2.053 1 

7 

-1.6 

45.5 

^8,7 

as,8 

a 8,9 

1 

-2.053 1 

8 

-1.6 

43.0 

^9,8 

a 9,9 

a9,10 

1 

-2.053 1 

9 

-1.6 

41.2 

^10,9 

aio.io 

a io,n 

1 

-2.053 1 

10 

-1.6 

39.9 

an ,10 

an ,11 

an,i 2 

1 

-2.053 1 

11 

-1.6 

39.2 

ai2,n 

ai 2 ,i 2 

ai2,i3 

1 

-1.027 1 

12 

-0.8 

38.9 


The assumption of one-dimensional heat conduction is justified when Bi = h(w/2)/k <0.1. Hence, with 
Bi = 500 W/m 2 K(3 x 10 3 m)/50 W/m-K = 0.03, the assumption is reasonable. 


Continued... 





PROBLEM 4.72 (Cont.) 


(b) The fin heat rate can be most easily found from an energy balance on the control volume about Node 

0 , 


T — T 

qf =qi+qconv= kw ° A 1 +h 

Ax 


V 2 J 


(T 0 -Too) 


, , / _ 3 \ (100-85.8)° C / 7 

qf =50W/m K 6x10 V -—-— + 500W/m-K 

V l A 1 A - 3 „ 


f _3 A 

4x10 m 
2- 


4x10 m 


V 


(100-30)° C 


J 


qf = (1065 +140) W/m = 1205 W/m . 
From Eq. 3.76, the fin heat rate is 


q = (hPkA c )^ “ • 9^ • tanh mL. 

Substituting numerical values with P = 2(w + t ) ~ 21 and A c = w- 1 , m = (hP/kA c ) 1/2 = 57.74 m 1 and M 
= (hPkA c ) 1/2 = 17.321? W/K. Hence, with 0 b = 70°C, 

q =17.32 W/K x 70 K x tanh (57.44 x 0.048) = 1203 W/m 
and the finite-difference result agrees very well with the exact (analytical) solution. 


(c) Using the IHT Finite-Difference Equations Tool Pad for ID, SS conditions, the fin temperature 
distribution and heat rate were computed for h = 10, 100, 500 and 1000 W/m 2 K. Results are plotted as 
follows. 



—h = 10 W/m A 2.K 
h= 100 W/m A 2.K 
-A- h = 500 W/m A 2.K 
-B- h = 1000 W/m A 2.K 


as 

CD 

X 



The temperature distributions were obtained by first creating a Lookup Table consisting of 4 rows of 
nodal temperatures corresponding to the 4 values of h and then using the LOOKUPVAL2 interpolating 
function with the Explore feature of the IHT menu. Specifically, the function T_EVAL = 
LOOKUPVAL2(t0467, h, x) was entered into the workspace, where t0467 is the file name given to the 
Lookup Table. For each value of h. Explore was used to compute T(x), thereby generating 4 data sets 
which were placed in the Browser and used to generate the plots. The variation of q with h was simply 
generated by using the Explore feature to solve the finite-difference model equations for values of h 
incremented by 10 from 10 to 1000 W/m 2 K. 

Although qf increases with increasing h, the effect of changes in h becomes less pronounced. This 
trend is a consequence of the reduction in fin temperatures, and hence the fin efficiency, with increasing 
h. For 10 < h < 1000 W/m 2 K, 0.95 > % > 0.24. Note the nearly isothermal fin for h = 10 W/m 2 K and 
the pronounced temperature decay for h = 1000 W/m 2 K. 





PROBLEM 4.73 


KNOWN: Pin fin of 10 mm diameter and length 250 mm with base temperature of 100°C experiencing 
radiation exchange with the surroundings and free convection with ambient air. 

FIND: Temperature distribution using finite-difference method with five nodes. Fin heat rate and 
relative contributions by convection and radiation. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in fin, (3) Constant 
properties, (4) Fin approximates small object in large enclosure, (5) Fin tip experiences convection and 
radiation, ( 6 ) h fc = 2.89[0.6 + 0.624(T - TJ 176 ] 2 . 


ANALYSIS: To apply the finite-difference method, define the 5-node system shown above where Ax = 
L/5. Perform energy balances on the nodes to obtain the finite-difference equations for the nodal 
temperatures. 

Interior node, n = 1, 2, 3 or 4 J^a 

Ein - E OU { = 0 

qa+qb+qc+qd =° (!) * 

\q c 

hr.nPAx (T sur -T„) + kA c ImvAl + h fc , n PAx (T„ -T„)+kA c T ”-'~ Tn = 0 (2) 



where the free convection coefficient is 

r ~|2 

hfc,n = 2-89 0.6 +0.624(T n -T ^) 176 

and the linearized radiation coefficient is 

h r.n = e<7 (Tn + T sur ) ^T n + T sur j 

with P = 7 tD and A c = 7 tD 2 / 4 . 

Tip node, n = 5 J^a 

Ein ~ E out = 0 
qa+qb+qc+qd+qe =° 

Ad 

hr,5 (PAx/2) (T sur — T 5 ) + h r 5 A C (T sur — T 5 ) + hf c ^A c (T^ — T 5 ) 

+ h fc 5 (PAx/2) - T 5 ) + kA c ^5 = 0 



(3) 

(4) 
(5,6) 


Continued... 





PROBLEM 4.73 (Cont.) 


Knowing the nodal temperatures, the heat rates are evaluated as: 

Fin Heat Rate: Perform an energy balance 
around Node b. 

^in - E OU { = 0 

qa+qb+qc+qfin =° 



hr.b (PAx/2 )(T sur 


" T b ) + h fc , b (PAx/2) - T b ) + kA c 


(Ti~T b ) 

Ax 


+ qfin =0 


( 8 ) 


where h rb and h fc b are evaluated at T b . 

Convection Heat Rate: To determine the portion of the heat rate by convection from the fin surface, we 
need to sum contributions from each node. Using the convection heat rate terms from the foregoing 
energy balances, for, respectively, node b, nodes 1, 2, 3, 4 and node 5. 

q cv =-qb) b -Lqc) 1 _ 4 -(qc+qd) 5 (9) 

Radiation Heat Rate: In the same manner, 

q ra d = - q a ) b - L qb ),_ 4 - (q a + qb ) 5 

The above equations were entered into the IHT workspace and the set of equations solved for the nodal 
temperatures and the heat rates. Summary of key results including the temperature distribution and heat 
rates is shown below. 


Node 

b 

1 

2 

3 

4 

5 

Fin 

Tj (°C) 

100 

58.5 

40.9 

33.1 

29.8 

28.8 

- 

qcv (W) 

0.603 

0.451 

0.183 

0.081 

0.043 

0.015 

1.375 

q fi „ (W) 

- 

- 

- 

- 

- 

- 

1.604 

qrad (W) 

- 

- 

- 

- 

- 

- 

0.229 

h cv (W/m 2 -K) 

10.1 

8.6 

7.3 

6.4 

5.7 

5.5 

- 

hrod (W/m 2 -K) 

1.5 

1.4 

1.3 

1.3 

1.2 

1.2 

- 


COMMENTS: From the tabulated results, it is evident that free convection is the dominant node. Note 
that the free convection coefficient varies almost by a factor of two over the length of the fin. 





PROBLEM 4.74 


KNOWN: Thin metallic foil of thickness, t, whose edges are thermally coupled to a sink at temperature 
T sink is exposed on the top surface to an ion beam heat flux, q", and experiences radiation exchange with 
the vacuum enclosure walls at T sur . 

FIND: Temperature distribution across the foil. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, steady-state conduction in the foil, (2) Constant properties, (3) 
Upper and lower surfaces of foil experience radiation exchange, (4) Foil is of unit length normal to the 
page. 

ANALYSIS: The 10-node network representing the foil is shown below. 



From an energy balance on node n, Ej n - E out = 0 , for a unit depth, 

q'a +% +4 +qd +qe =° 

qs Ax + h r,n Ax ( T sur— T n) + k (t)( T n+l—T n )/Ax + hr 5 nAx(T SU r—T n ) + k(t)(T n —i—T n )/Ax=0 (1) 


where the linearized radiation coefficient for node n is 

h r,n = ea ( T sur + T n ) ( T sur + T n ) ( 2 ) 

Solving Eq. (1) for T n find, 

Tn=[(T„ + i+T n _ 1 ) + (2h rjn Ax 2 /kt)T sur + (Ax 2 /kt)q;y[(h rjn Ax 2 /kt) + 2] (3) 

which, considering symmetry, applies also to node 1. Using IHT for Eqs. (3) and (2), the set of finite- 
difference equations was solved for the temperature distribution (K): 

Ti T 2 T 3 T 4 T 5 T 6 T 7 T 8 T 9 T 10 

374.1 374.0 373.5 372.5 370.9 368.2 363.7 356.6 345.3 327.4 


Continued... 






PROBLEM 4.74 (Cont.) 

COMMENTS: (1) If the temperature gradients were excessive across the foil, it would wrinkle; most 
likely since its edges are constrained, the foil will bow. 

(2) The IHT workspace for the finite-difference analysis follows: 


// The nodal equations: 

T1 = ((T2 + T2) + A1 * Tsur + B *q"s ) / ( A1 + 2) 

A1= 2 * hrl * deltax A 2 / (k * t) 

hrl = eps * sigma * (Tsur + T1) * (Tsur A 2 + T1 A 2) 

sigma = 5.67e-8 

B = deltax A 2 / (k * t) 

T2 = ( (T1 + T3) + A2 * Tsur + B *q"s ) / ( A2 + 2) 

A2= 2 * hr2 * deltax A 2 / (k * t) 

hr2 = eps * sigma * (Tsur + T2) * (Tsur A 2 + T2 A 2) 

T3 = ((T2 + T4) + A3 * Tsur + B *q"s ) / ( A3 + 2) 

A3= 2 * hr3 * deltax A 2 / (k * t) 

hr3 = eps * sigma * (Tsur + T3) * (Tsur A 2 + T3 A 2) 

T4 = ((T3 + T5) + A4 * Tsur + B *q"s ) / ( A4 + 2) 

A4= 2 * hr4 * deltax A 2 / (k * t) 

hr4 = eps * sigma * (Tsur + T4) * (Tsur A 2 + T4 A 2) 

T5 = ((T4 + T6) + A5 * Tsur + B *q"s ) / ( A5 + 2) 

A5= 2 * hr5 * deltax A 2 / (k * t) 

hr5 = eps * sigma * (Tsur + T5) * (Tsur A 2 + T5 A 2) 

T6 = ((T5 + T7) + A6 * Tsur + B *q"s ) / ( A6 + 2) 

A6= 2 * hr6 * deltax A 2 / (k * t) 

hr6 = eps * sigma * (Tsur + T6) * (Tsur A 2 + T6 A 2) 

T7 = ((T6 + T8) + A7 * Tsur + B *q"s ) / ( A7 + 2) 

A7= 2 * hr7 * deltax A 2 / (k * t) 

hr7 = eps * sigma * (Tsur + T7) * (Tsur A 2 + T7 A 2) 

T8 = ((T7 + T9) + A8 * Tsur + B *q"s ) / ( A8 + 2) 

A8= 2 * hr8 * deltax A 2 / (k * t) 

hr8 = eps * sigma * (Tsur + T8) * (Tsur A 2 + T8 A 2) 

T9 = ((T8 + T10) + A9 * Tsur + B *q"s ) / ( A9 + 2) 

A9= 2 * hr9 * deltax A 2 / (k * t) 

hr9 = eps * sigma * (Tsur + T9) * (Tsur A 2 + T9 A 2) 

T10 = ((T9 + Tsink) + A10 * Tsur + B *q"s ) / ( A10 + 2) 

A10= 2 * hrl 0 * deltax A 2 / (k * t) 

hrl 0 = eps * sigma * (Tsur + T10) * (Tsur A 2 + T10 A 2) 


// Assigned variables 

deltax = L /10 
L = 0.150 
t = 0.00025 
eps = 0.45 
Tsur = 300 
k = 40 
Tsink = 300 
q"s = 600 


// Spatial increment, m 
// Foil length, m 
// Foil thickness, m 
// Emissivity 

// Surroundings temperature, K 
// Foil thermal conductivity, W/m.K 
// Sink temperature, K 
// Ion beam heat flux, W/m A 2 


/* Data Browser results: Temperature distribution (K) and linearized radiation cofficients 
(W/m A 2.K): 


T1 T2 

374.1 374 

hrl hr2 


T3 

T4 

T5 

T6 

T7 

T8 

T9 

T10 

373.5 

372.5 

370.9 

368.2 

363.7 

356.6 

345.3 

327.4 

hr3 

hr4 

hr5 

hr6 

hr7 

hr8 

hr9 

hrl 0 

3.943 

3.926 

3.895 

3.845 

3.765 

3.639 

3.444 

3.157*/ 


3.956 3.953 



PROBLEM 4.75 


KNOWN: Electrical heating elements with known dissipation rate embedded in a ceramic plate of 
known thermal conductivity; lower surface is insulated, while upper surface is exposed to a convection 
process. 

FIND: (a) Temperature distribution within the plate using prescribed grid spacing, (b) Sketch isotherms 
to illustrate temperature distribution, (c) Heat loss by convection from exposed surface (compare with 
element dissipation rate), (d) Advantage, if any, in not setting Ax = Ay, (e) Effect of grid size and 
convection coefficient on the temperature field. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction in ceramic plate, (2) Constant 
properties, (3) No internal generation, except for Node 7 (or Node 15 for part (e)), (4) Heating element 
approximates a line source of negligible wire diameter. 

ANALYSIS: (a) The prescribed grid for the symmetry element shown above consists of 12 nodal points. 
Nodes 1-3 are points on a surface experiencing convection; nodes 4-6 and 8-12 are interior nodes. Node 
7 is a special case of the interior node having a generation term; because of symmetry, qj lt = 25 W/m. 
The finite-difference equations are derived as follows: 


Continued... 










PROBLEM 4.75 (Cont.) 


Surface Node 2. From an energy balance on the prescribed control volume with Ax/Ay = 3, 

q'a+q'b+qc+qd =°; 


Ein E OU { 


k ~ ^A T2 +hAx(T 00 -T 2 ) + k^ T3 A Tl +kAx T ^ T 2 =0. 


Regrouping, find 

f 

A v 

T 2 | 1 + 2N — + 1 + 2 
Ay 



2 ^ 

UyJ 



= T 1+ T 3 + 2 


^ Ax 


Ay 


Ax 

T 5 +2N — 
Ay 


where N = hAx/k = 100 W/m-K x 0.006 m/2 W/m-K = 0.30 K. Hence, with T. = 30°C, 

T 2 =0.045871! +0.04587T 3 +0.82569T 5 + 2.4771 

From this FDE, the forms for nodes 1 and 3 can also be deduced. 

Interior Node 7. From an energy balance on the prescribed control volume, with Ax/Ay = 3, 
E- n - Eg = 0, where Eg = 2qj lt and E- n represents the conduction terms. Hence, 

4a+0b+4c+4d+ 2 qht =0.or 

kAy3^+MxAAA +My A+ii +kAx Zio+ii +2qiit =0 


Ax 


Regrouping, 


T 7 


1 + 


'la* 


Ay 


+ 1 + 


Ay 


^ Ax 


Ax 


Ay 


Ay 


= To + 


^ Ax 


Ay 


t 4 +t 8 + 


^ Ax 


Ay 


T, 


10 


2q'ht 


^ Ax ^ 
Ay 


( 1 ) 


Recognizing that Ax/Ay = 3, qj lt = 25 W/m and k = 2 W/m-K, the FDE is 

T 7 = 0.0500Tg + 0.4500T 4 + 0.0500T g + 0.4500T 10 + 3.7500 (2) 

The FDEs for the remaining nodes may be deduced from this form. Following the procedure described 
in Section 4.5.2 for the Gauss-Seidel method, the system of FDEs has the form: 


T k = 0.09174T k_1 + 0.8257T k_1 + 2.4771 

T k = 0.04587T 1 k + 0.04587T 3 k_1 + 0.8257T 5 k_1 + 2.4771 

T k = 0.09174T k + 0.8257T6 _1 + 2.4771 

T k = 0.4500T k +0.1000T k_1 +0.4500T k_1 

T k = 0.4500T k + 0.0500T k + 0.0500T| _1 + 0.4500Tg k_1 

t| = 0.4500T k + 0.1000T k + 0.4500T k_1 

T k = 0.4500T k + 0.1000T 8 k_1 + 0.4500T| k 0 _1 + 3.7500 

T g k = 0.4500T k + 0.0500T k + O.O5OOT9 _1 + 0.4500T k f 1 

T9 = 0.4500T6 + 0.1000Tg k + O^SOOT^ -1 

Tjq = 0.9000T k +0.1000Tj k_1 

T| k = 0.9000T 8 k + 0.0500 Tjq _ 1 + 0.0500T k 2 _1 

Tj k = 0.9000T k +0.1000T 1 k 


Continued 




PROBLEM 4.75 (Cont.) 


Note the use of the superscript k to denote the level of iteration. Begin the iteration procedure with 
rational estimates for T; (k = 0) and prescribe the convergence criterion as £ < 0.1. 


k/T; 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

0 

55.0 

50.0 

45.0 

61.0 

54.0 

47.0 

65.0 

56.0 

49.0 

60.0 

55.0 

50.0 

1 

57.4 

51.7 

46.0 

60.4 

53.8 

48.1 

63.5 

54.6 

49.6 

62.7 

54.8 

50.1 

2 

57.1 

51.6 

46.9 

59.7 

53.2 

48.7 

64.3 

54.3 

49.9 

63.4 

54.5 

50.4 

oo 

55.80 

49.93 

47.67 

59.03 

51.72 

49.19 

63.89 

52.98 

50.14 

62.84 

53.35 

50.46 


The last row with k = °o corresponds to the solution obtained by matrix inversion. It appears that at least 
20 iterations would be required to satisfy the convergence criterion using the Gauss-Seidel method. 

(b) Selected isotherms are shown in the sketch of the nodal network. 



Note that the isotherms are normal to the adiabatic surfaces. 


(c) The heat loss by convection can be expressed as 
Oconv — h 


2 Ax(Tj T cxj ) + Ax(T 2 T cxj )+ 2 Ax(T 3 T^) 


= 100W/m -Kx0.006m 


- (55.80 - 30) + (49.93 - 30) + - (47.67 - 30 ) 
2 2 


= 25.00 W/m. < 


As expected, the heat loss by convection is equal to the heater element dissipation. This follows from the 
conservation of energy requirement. 

(d) For this situation, choosing Ax = 3Ay was advantageous from the standpoint of precision and effort. 

If we had chosen Ax = Ay = 2 mm, there would have been 28 nodes, doubling the amount of work, but 
with improved precision. 

(e) Examining the effect of grid size by using the Finite-Difference Equations option from the Tools 
portion of the IHT Menu, the following temperature field was computed for Ax = Ay = 2 mm, where x 
and y are in mm and the temperatures are in °C. 


y\x 

0 

2 

4 

6 

8 

10 

12 

0 

55.04 

53.88 

52.03 

50.32 

49.02 

48.24 

47.97 

2 

58.71 

56.61 

54.17 

52.14 

50.67 

49.80 

49.51 

4 

66.56 

59.70 

55.90 

53.39 

51.73 

50.77 

50.46 

6 

63.14 

59.71 

56.33 

53.80 

52.09 

51.11 

50.78 


Continued 





PROBLEM 4.75 (Cont.) 


Agreement with the results of part (a) is excellent, except in proximity to the heating element, where T i5 
= 66.6°C for the fine grid exceeds T 7 = 63.9°C for the coarse grid by 2.7°C. 

For h = 10 W/irf-K, the maximum temperature in the ceramic corresponds to Ti 5 = 254°C, and the heater 
could still be operated at the prescribed power. With h = 10 W/m” K, the critical temperature of T [5 = 
400°C would be reached with a heater power of approximately 82 W/m. 

COMMENTS: (1) The method used to obtain the rational estimates for T, (k = 0) in part (a) is as 
follows. Assume 25 W/m is transferred by convection uniformly over the surface; find T sur f ~ 50°C. 

Set T 2 = 50°C and recognize that Ti and T 3 will be higher and lower, respectively. Assume 25 W/m is 
conducted uniformly to the outer nodes; find T 5 - T 2 ~ 4°C. For the remaining nodes, use intuition to 
guess reasonable values. (2) In selecting grid size (and whether Ax = Ay), one should consider the region 
of largest temperature gradients. 

NOTE TO INSTRUCTOR: Although the problem statement calls for calculations with Ax = Ay = 1 
mm, the instructional value and benefit-to-effort ratio are small. Hence, consideration of this grid size is 
not recommended. 



PROBLEM 4.76 


KNOWN: Silicon chip mounted in a dielectric substrate. One surface of system is convectively 
cooled while the remaining surfaces are well insulated. 

FIND: Whether maximum temperature in chip will exceed 85°C. 

SCHEMATIC: 


Coolant, 


Tco'ZCfC 

h'-sooW/^Kf i 

H=12rrtnt \ 

Jc 


-Chip , k c = 50W/m-K, q =l0 7 Wjm 3 


- Substrafe, 

$ k s = 5W/n?K 


L-27mm —H 


Ul4-$l \ 

— 




ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Negligible 
contact resistance between chip and substrate, (4) Upper surface experiences uniform convection 
coefficient, (5) Other surfaces are perfectly insulated. 

ANALYSIS: Performing an energy balance on the chip assuming it is perfectly insulated from the 
substrate, the maximum temperature occurring at the interface with the dielectric substrate will be, 
according to Eqs. 3.43 and 3.46, 

q(H/4) 2 q(H/4) 10 7 W/m 3 (0.003 m) 2 10 7 W/m 3 (0.003 m) 

Tmax =—- - +—-- + T oo =--- ~+ -^-“ + 20 C=80.9 C. 

2k c h 2x50 W/m -K 500W/m“-K 


Since T max < 85°C for the assumed situation, for the actual two-dimensional situation with the 
conducting dielectric substrate, the maximum temperature should be less than 80°C. 

Using the suggested grid spacing of 3 mm, construct the 
nodal network and write the finite-difference equation for 
each of the nodes taking advantage of symmetry of the 
system. Note that we have chosen to not locate nodes on 
the system surfaces for two reasons: (1) fewer total 
number of nodes, 20 vs. 25, and (2) Node 5 corresponds 
to center of chip which is likely the point of maximum 
temperature. Using these numerical values, 



hAx _ 500 W/m 2 K x 0.003 m 
~k^~ 5 W/m-K 

hAx _ 500 W/m 2 K x 0.003 m 
~k^~ 5 W/m-K 

2^=1.800 

k c 


0.30 

0.030 


2 2 

a = --r— =-= 1.818 

(k s /k c )+l 5/50+1 

2 2 

p =- -— =---= 0.182 

P (k c /k s )+l 50/5+1 


y =-= 0.0910 

k c /k s +l 


find the nodal equations: 


Node 1 


k s Ax 


T 6 -Ti 

Ay 


+ k s Ay 


———^-+ hAx (Too — T]) = 0 
Ax 


Continued 




PROBLEM 4.76 (Cont.) 


h Ax h Ax 

- 2+- Pi + T 2 + T 6 =--2.30T[ + T 2 + T 6 =-6.00 (1) 

v k s J k s 

Node 2 Tj-3.3T 2 + T 3 +t 7 =-6.00 

( 2 ) 

Node 3 

To — To T 4 — To To — To . x 

k s Ay —-— +-----+ k s Ax —-^-+hAx(T co - T 3 )= 0 

Ax ( Ax/2)/k c Ay+ (Ax/2)/k s Ay Ay 

T 2 — (2 + ot + (hAx/k <.) T 3 ) + aT 4 + T 8 = — (hAx/k ) 

T 2 -4.12T 3 + 1.82T 4 +T 8 =-6.00 (3) 

Node 4 

t 3 — T 4 T 5 — t 4 To — t 4 

-----+ k c Ay —--+----- 

(Ax/2)/k s Ay+(Ax/2)/k c Ay Ax (Ay/2)/k s Ax + (Ay/2) k c Ax 

+q (AxAy ) + hAx (T^ - T 4 ) = 0 

(3T 3 - (l+ 2(3 +[hAx/k c ])T 4 + T 5 + (3T 9 = -(hAx/k c )T oa -c^xAy/l^ 

0.182T 3 -1.39T 4 +T 5 +0.182T 9 =-2.40 (4) 


Node 5 


k c Ay- 


T/l - Tc 


T10-T5 


Ax (Ay/2)/k s (Ax/2)+ (Ay/2)/k c (Ax/2) 
2T 4 -2.21T 5 +0.182T 10 =-2.40 


+ h(Ax/2)(T 0< 


Tg) + qAy(Ax/2) = 0 


(5) 


Nodes 6 and 11 

k s Ax (T, -T 6 )/ Ay+ k s Ay (T 7 -T 6 )/Ax + k s Ax (T n -T 6 )/Ay = 0 

Tj- 3T 6 + T 7 +T n =0 T 6 -3T 11+ T 12 + Ti 6 = 0 (6,11) 


Nodes 7, 8, 12, 13, 14 Treat as interior points, 


T 2 +T 6 -4T 7 +T 8 +T 12 = 0 T 3 + T 7 - 4T 8 + T 9 +T 13 = 0 

T 7 + T 11 " 4T 12 + T 13 + T 17 = 0 T 8 + T 12 ~~ 4T 13 + T 14 + T 18 = 0 

T 9 + T 13 _ 4T 14 + T 15 + T 19 = 0 

Node 9 


k s Ay ——— +- — Tt) - 

Ax ( Ay/2)/k c Ax + (Ay/2)/k s Ax 

1. 82 T 4 + Tg — 4.82 Tq + T^q + = 0 


+ k s Ay 



+ k s Ax 



Node 10 Using the result of Node 9 and considering symmetry, 

1.82T 5 + 2T 9 -4.82T 10 + T 15 = 0 


(7,8) 

(12,13) 

(14) 


(9) 

( 10 ) 


Node 15 Interior point considering symmetry Tio+2T 14 — 4T 15 + T 20 = 0 (15) 


Node 16 By inspection, T, 1 - 2T 16 + t 17 - 0 


(16) 


Continued 




PROBLEM 4.76 (Cont.) 


Nodes 17, 18, 19, 20 

t 12 + t 16 ~ 3t 17 + t 18 =0 T 13+ T 17 ~ 3T 18+ T 19 =0 (17,18) 

t 14 + t 18 _3 t 19 + t 20 =0 t 15 +2t 19 - 3t 20 =° (19,20) 

Using the matrix inversion method, the above system of finite-difference equations is written in matrix 
notation, Eq. 4.52, [A][T] = [C] where 


-2.3 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 0 0 

0 

0 

0 

0 

0 

0 

0 

-6 

1 

-3.3 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 0 

0 

0 

0 

0 

0 

0 

0 

-6 

0 

1 

4.12 

1.82 

0 

0 

0 

1 

0 

0 

0 

0 0 

0 

0 

0 

0 

0 

0 

0 

-6 

0 

0 

.182 

-1.39 

1 

0 

0 

0 

.182 

0 

0 

0 0 

0 

0 

0 

0 

0 

0 

0 

-2.4 

0 

0 

0 

2 - 

2.21 

0 

0 

0 

0 

.182 

0 

0 0 

0 

0 

0 

0 

0 

0 

0 

-2.4 

1 

0 

0 

0 

0 

-3 

1 

0 

0 

0 

1 

0 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

4 

1 

0 

0 

0 

1 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

4 

1 

0 

0 

0 1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1.82 

0 

0 

0 

1 

-4.82 

1 

0 

0 0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 1.82 

0 

0 

0 

2 ■ 

-4.82 

0 

0 0 

0 

1 

0 

0 

0 

0 

0 

0 

[A] = 0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

-3 

1 0 

0 

0 

1 

0 

0 

0 

0 

[CJ = 0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

4 1 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 4 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 1 

-4 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 0 

2 

4 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 0 

0 

0 

-2 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 0 

0 

0 

1 

-3 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 1 

0 

0 

0 

1 

-3 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 0 

1 

0 

0 

0 

1 

-3 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 0 

0 

1 

0 

0 

0 

2 

-3 

0 

and the temperature distribution (°C), in 

i geometrical representation, 

is 







34.46 


36.13 


40.41 


45.88 


46.23 









37.13 


38.37 


40.85 


43.80 


44.51 









38.56 


39.38 


40.81 


42.72 


42.78 









39.16 


39.77 


40.76 


41.70 


42.06 










The maximum temperature is T 5 = 46.23°C which is indeed less than 85°C. < 


COMMENTS: (1) The convection process for the energy 


balances of Nodes 1 through 5 were simplified by assuming 
the node temperature is also that of the surface. Considering 

Node 2, the energy balance processes for q a , q^ and q c are 
identical (see Eq. (2)); however, 


qconv= T “ ^ =1 i( T °°- T 2) 

1/h + Ay/2k 

where hAy/2k = 5 W/nT-KxO.003 m/2x50 W/m-K = 1.5x10 ^ 



simplification is justified. 






PROBLEM 4.77 


KNOWN: Electronic device cooled by conduction to a heat sink. 

FIND: (a) Beginning with a symmetrical element, find the thermal resistance per unit depth between the 
device and lower surface of the sink, R t t |_ s (m-K/W) using the flux plot method; compare result with 

thermal resistance based upon assumption of one-dimensional conduction in rectangular domains of (i) 
width w d and length L and (ii) width w s and length L; (b) Using a coarse (5x5) nodal network, determine 
R( c j_ s ; (c) Using nodal networks with finer grid spacings, determine the effect of grid size on the 
precision of the thermal resistance calculation; (d) Using a fine nodal network, determine the effect of 
device width on R t t |_ s with w d /w s = 0.175, 0.275, 0.375 and 0.475 keeping w s and L fixed. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties, and (3) No 
internal generation, (4) Top surface not covered by device is insulated. 

ANALYSIS: (a) Begin the flux plot for the symmetrical 
element noting that the temperature drop along the left- 
hand symmetry line will be almost linear. Choosing to 
sketch five isotherms and drawing the adiabats, find 


N = 5 M = 2.75 

so that the shape factor for the device to the sink 
considering two symmetrical elements per unit depth is 


S / = 2S' 0 =2— = 1.10 

N f— Symmetry line 

and the thermal resistance per unit depth is 

Rpd-s.fp = 1/kS' = 1/300W/m-Kxl.l0 = 3.03xl0“ 3 m-K/W < 



The thermal resistances for the two rectangular domains are represented schematically below. 


h 


4— 


w, 


s 

(i) 


1 



Continued... 














PROBLEM 4.77 (Cont.) 


L _ 0.024 m 

kw d 300 W/m - Kx 0.018 m 

L _ 0.024 m 

kw s 300W/m Kx0.048m 


= 4.44x10 3 m-K/W 
= 1.67xl0 -3 m• K/W 


< 

< 


We expect the flux plot result to be bounded by the results for the rectangular domains. The spreading 
effect can be seen by comparing Rf d _ s fp with R t d _ s j. 


(b) The coarse 5x5 nodal network is 
shown in the sketch including the 
nodes adjacent to the symmetry lines 
and the adiabatic surface. As such, 
all the finite-difference equations are 
interior nodes and can be written by 
inspection directly onto the IHT 
workspace. Alternatively, one could 
use the IHT Finite-Difference 
Equations Tool. The temperature 
distribution (°C) is tabulated in the 
same arrangement as the nodal 
network. 



85.00 

85.00 

62.31 

53.26 

50.73 

65.76 

63.85 

55.49 

50.00 

48.20 

50.32 

49.17 

45.80 

43.06 

42.07 

37.18 

36.70 

35.47 

34.37 

33.95 

25.00 

25.00 

25.00 

25.00 

25.00 


The thermal resistance between the device and sink per unit depth is 

r; 


"t,s-d 


T d -T s 


2q' t( 


tot 


Performing an energy balance on the device nodes, find 


qtot =qa+qb+q c 


q tot = k (Ay/2) T|d Tl + kAx Td ^ + k (Ax/2)- Td T4 


Ax 


Ay 


Ay 


T f-.J 

v'tot 
' T d T, 

---y s s s s 

T ! 1 

w -1-* 


i i"' 0 . 


A Tv 

' T w 

'6 


q' tot =300 W/m-K[(85-62.3l)/2+ (85-63.85) +(85-65.76)/2]K = 1.263xl0 4 W/m 
, (85-25)K 

R ts _ d = -^- L -= 2.38x10 m • K/W 

2xl.263xl0 4 W/m 


< 


(c) The effect of grid size on the precision of the thermal resistance estimate should be tested by 
systematically reducing the nodal spacing Ax and Ay. This is a considerable amount of work even with 
IHT since the equations need to be individually entered. A more generalized, powerful code would be 


Continued... 





PROBLEM 4.77 (Cont.) 


required which allows for automatically selecting the grid size. Using FEHT, a finite-element package, 
with eight elements across the device, representing a much finer mesh, we found 

R t,s-d = 3.64xl0 -3 m-K/W 


(d) Using the same tool, with the finest mesh, the thermal resistance was found as a function of w d /w s 
with fixed w s and L. 


R'tc-s x 10 " 3 
(m-K/W) 



As expected, as w d increases, R/ t t |_ s decreases, and eventually will approach the value for the 

rectangular domain (ii). The spreading effect is shown for the base case, w d /w s = 0.375, where the 
thermal resistance of the sink is less than that for the rectangular domain (i). 


COMMENTS: It is useful to compare the results for estimating the thermal resistance in terms of 
precision requirements and level of effort, 


R' t d -s x !0 3 (m-K/W) 


Rectangular domain (i) 

4.44 

Flux plot 

3.03 

Rectangular domain (ii) 

1.67 

FDE, 5x5 network 

2.38 

FEA, fine mesh 

3.64 




PROBLEM 4.78 


KNOWN: Nodal network and boundary conditions for a water-cooled cold plate. 

FIND: (a) Steady-state temperature distribution for prescribed conditions, (b) Means by which operation 
may be extended to larger heat fluxes. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction, (3) Constant 
properties. 

ANALYSIS: Finite-difference equations must be obtained for each of the 28 nodes. Applying the 
energy balance method to regions 1 and 5, which are similar, it follows that 

Node 1: (Ay/Ax)T 2 + (Ax/Ay)T 6 -[(Ay/Ax) + (Ax/Ay)]Tj =0 

Node 5: (Ay/Ax)T 4 + (Ax/Ay)Tjo -[(Ay/Ax) + (Ax/Ay)]T 5 =0 

Nodal regions 2, 3 and 4 are similar, and the energy balance method yields a finite-difference equation of 
the form 

Nodes 2,3,4: 

(Ay/Ax) (T m _ l n + T m+1<n ) + 2 (Ax/Ay)Vn-i ~ 2 [(Ay/Ax) + (Ax/Ay)] T mn = 0 

Energy balances applied to the remaining combinations of similar nodes yield the following finite- 
difference equations. 


Continued... 
























PROBLEM 4.78 (Cont.) 

Nodes 6, 14: (Ax/Ay)Tj +(Ay/Ax)T 7 -[(Ax/Ay) + (Ay/Ax) + (hAx/k)]T6 =-(hAx/k)T co 

(Ax/Ay)T 19 +(Ay/Ax)T 15 -[(Ax/Ay) + (Ay/Ax) + (hAx/k)]T 14 =-(hAx/k)T co 
Nodes 7, 15: (Ay/Ax)(T 6 +T 8 ) + 2(Ax/Ay)T 2 -2[(Ay/Ax)+(Ax/Ay) + (hAx/k)]T 7 = - (2hAx/k)T 00 

(Ay/Ax)(T 14 +T 16 ) + 2(Ax/Ay)T 20 -2[(Ay/Ax) + (Ax/Ay) + (hAx/k)]T 15 =-(2hAx/k)T 00 
Nodes 8, 16: (Ay/Ax)T 7 + 2(Ay/Ax)T 9 + (Ax/Ay )Tj i + 2 (Ax/Ay)T 3 - [3(Ay/Ax) + 3(Ax/Ay) 

+ (h/k)(Ax + Ay)]T 8 =-(h/k)(Ax + Ay)T co 
(Ay/Ax)T 15 +2(Ay/Ax)T 17 +(Ax/Ay)T 11 +2(Ax/Ay)T 21 -[3(Ay/Ax) + 3(Ax/Ay) 
+ ( h /k)(Ax + Ay)]Ti 6 =-( h /k)(Ax + Ay)T co 

Node 11: (Ax/Ay)T 8 +(Ax/Ay)T 16 +2(Ay/ Ax)t 12 -2 [(Ax/Ay ) + (Ay/Ax ) + (hAy/k)]T n = -(2hAy/k)T co 

Nodes 9, 12, 17, 20, 21, 22: 

(Ay/Ax)T m _ 1>n +(Ay/Ax)T m+1>n + (Ax/Ay)T m n+1 + (Ax/Ay)^^^ - 2 [(Ax/Ay) + (Ay/Ax)]T m n =0 
Nodes 10, 13, 18, 23: 

(Ax/Ay)T n+1>m + (Ax/Ay)T n _ l m + 2(Ay/Ax )T m _ 1>n -2 [(Ax/Ay )+ (Ay/Ax)]T m n = 0 
Node 19: (Ax/Ay)T 14 +(Ax/Ay)T 24 +2(Ay/Ax)T 20 -2[(Ax/Ay) + (Ay/Ax)]T 19 =0 

Nodes 24, 28: (Ax/Ay)T 19 +(Ay/Ax)T 25 -[(Ax/Ay) +(Ay/Ax )]T 24 = -(q"Ax/k) 

(Ax/Ay)T 2 3 + (Ay/Ax)T 27 - [(Ax/Ay) + (Ay/Ax)]T 28 = -(qoAx/k) 

Nodes 25, 26, 27: 

(Ay/Ax)T ra _U +( A y/ Ax ) T m+l,n +2 ( Ax / A y) T m.n+l - 2 [( Ax / A y) + ( A y/ Ax )] T ra.n =“( 2 q/ Ax / k ) 
Evaluating the coefficients and solving the equations simultaneously, the steady-state temperature 
distribution (°C), tabulated according to the node locations, is: 


23.77 

23.91 

24.27 

24.61 

24.74 

23.41 

23.62 

24.31 

24.89 

25.07 



25.70 

26.18 

26.33 

28.90 

28.76 

28.26 

28.32 

28.35 

30.72 

30.67 

30.57 

30.53 

30.52 

32.77 

32.74 

32.69 

32.66 

32.65 


Alternatively, the foregoing results may readily be obtained by accessing the IHT Tools pat and using the 
2-D, SS, Finite-Difference Equations options (model equations are appended). Maximum and minimum 
cold plate temperatures are at the bottom (T 24 ) and top center (Ti) locations respectively. 

(b) For the prescribed conditions, the maximum allowable temperature (T 2 4 = 40°C) is reached when q/ 

= 1.407 x 10 5 W/m 2 (14.07 W/cm 2 ). Options for extending this limit could include use of a copper cold 
plate (k ~ 400 W/m-K) and/or increasing the convection coefficient associated with the coolant. With k = 
400 W/m-K, a value of q/ = 17.37 W/cm 2 may be maintained. With k = 400 W/m-K and h = 10,000 

W/m 2 K (a practical upper limit), q/ = 28.65 W/cm 2 . Additional, albeit small, improvements may be 
realized by relocating the coolant channels closer to the base of the cold plate. 

COMMENTS: The accuracy of the solution may be confirmed by verifying that the results satisfy the 
overall energy balance 

% (4Ax) = h [(Ax/2) (T 6 - ) + Ax (T 7 - ) + (Ax + Ay) (T 8 - )/2 

+Ay (Tj i - ) + (Ax + Ay)(T 16 -)/2 + Ax (T 15 -) + (Ax/2)(T 14 -)]. 



PROBLEM 4.79 


KNOWN: Heat sink for cooling computer chips fabricated from copper with microchannels passing 
fluid with prescribed temperature and convection coefficient. 

FIND: (a) Using a square nodal network with 100 pm spatial increment, determine the temperature 
distribution and the heat rate to the coolant per unit channel length for maximum allowable chip 
temperature T c max = 75°C; estimate the thermal resistance betweeen the chip surface and the fluid, 

R( c _f (m-K/W); maximum allowable heat dissipation for a chip that measures 10 x 10 mm on a side; 

(b) The effect of grid spacing by considering spatial increments of 50 and 25 pm; and (c) Consistent with 
the requirement that a + b = 400 pm. explore altering the sink dimensions to decrease the thermal 
resistance. 

SCHEMATIC: 


Sink, k s 
MicroChannel 


\<-w s /2+\<rW f /2+\ 

ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, (2) Constant properties, and (3) 
Convection coefficient is uniform over the microchannel surface and independent of the channel 
dimensions and shape. 

ANALYSIS: (a) The square nodal network with Ax = Ay = 100 pm is shown below. Considering 
symmetry, the nodes 1, 2, 3, 4, 7, and 9 can be treated as interior nodes and their finite-difference 
equations representing nodal energy balances can be written by inspection. Using the, IHT Finite- 
Difference Equations Tool, appropriate FDEs for the nodes experiencing surface convection can be 
obtained. The IHT code including results is included in the Comments. Having the temperature 
distribution, the heat rate to the coolant per unit channel length for two symmetrical elements can be 
obtained by applying Newton’s law of cooling to the surface nodes, 

q ; v = 2 [h (Ay/2 + Ax/2) (T 5 -) + h (Ax/2) (T 6 -) + h (Ay ) (T 8 - ) h (Ay/2) (T 10 - T^ )] 

q' cv = 2x30,000 w/m 2 -Kxl00xl0“ 6 m[(74.02-25)+(74.09-25)/2 +(73.60-25)+(73.37-25)/2]K 
q/ v =878W/m < 




The thermal resistance between the chip and fluid per unit length for each microchannel is 

, T c - Too (75-25)° C _ 2 , 

R t ,_ f = —-— = ---— = 5.69x10 “m-K/W 

q cv 878 W/m 

The maximum allowable heat dissipation for a 10 mm x 10 mm chip is 


p chip,max = q£ x A chip = 2.20xl0 6 w/m“ x(0.01x0.0l)m“ = 220 W 
where A ch i p =10 mm x 10 mm and the heat flux on the chip surface (w f + w s ) is 

9c = 9cv/( w f + w s ) = 878 W/m/(200 + 200)x 10“ 6 m = 2.20x 10 6 w/m 2 


< 

< 


Continued... 



PROBLEM 4.79 (Cont.) 
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(b) To investigate the effect of grid spacing, the analysis was repreated with a spatial increment of 50 pm 
(32 nodes as shown above) with the following results 

Pcv = 881 W/m R' t c _ f = 5.67 x 10“ 2 m • K/W < 

Using a finite-element package with a mesh around 25 pm, we found R] c _f = 5.70x10 “ m • K/W 
which suggests the grid spacing effect is not very significant. 

(c) Requring that the overall dimensions of the symmetrical element remain unchanged, we explored 
what effect changes in the microchannel cross-section would have on the overall thermal resistance, 

R t c _f . It is important to recognize that the sink conduction path represents the dominant resistance, 
since for the convection process 

R t,cv =1/A' S =l/(30,000w/m 2 •Kx600xl0“ 6 mj = 5.55xl0“ 2 m-K/W 
where A' s = (w f + 2b) = 600 pm. 

Using a finite-element package, the thermal resistances per unit length for three additional channel cross- 
sections were determined and results summarized below. 


MicroChannel (pm) r' c _ s x 10 2 


Case 

Height 

Half-width 

(m-KAV) 

A 

200 

100 

5.70 

B 

133 

150 

6.12 

C 

300 

100 

4.29 

D 

250 

150 

4.25 
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PROBLEM 4.79 (Cont.) 


COMMENTS: (1) The IHT Workspace for the 5x5 coarse node analysis with results follows. 


// Finite-difference equations - energy balances 

// First row - treating as interior nodes considering symmetry 

T1 = 0.25 * ( Tc + T2 + T4 + T2 ) 

T2 = 0.25 * ( Tc + T3 + T5 + T1 ) 

T3 = 0.25 * ( Tc + T2 + T6 + T2 ) 

/* Second row - Node 4 treat as interior node; for others, use Tools: Finite-Difference Equations, 
Two-Dimensional, Steady-State; be sure to delimit replicated q"a = 0 equations. V 
T4 = 0.25 * ( T1 + T5+ T7 + T5 ) 

/* Node 5: internal corner node, e-s orientation; e, w, n, s labeled 6, 4, 2, 8. 7 
0.0 = fd_2d_ic_es(T5,T6,T4,T2,T8,k,qdot,deltax,deltay,Tinf,h,q"a) 
q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 

/* Node 6: plane surface node, s-orientation; e, w, n labeled 5, 5, 3 . *1 
0.0 = fd_2d_psur_s(T6,T5,T5,T3,k,qdot,deltax,deltay,Tinf,h,q"a) 

//q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 

/* Third row - Node 7 treat as interior node; for others, use Tools: Finite-Difference Equations, 
Two-Dimensional, Steady-State: be sure to delimit replicated q"a = 0 equations. 7 
T7 = 0.25 * (T4 + T8 + T9 + T8) 

/* Node 8: plane surface node, e-orientation; w, n, s labeled 7, 5, 10. 7 
0.0 = fd_2d_psur_e(T8,T7,T5,T10,k,qdot,deltax,deltay,Tinf,h,q"a) 

//q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 


/* Fourth row - Node 9 treat as interior node; for others, use Tools: Finite-Difference Equations, 
Two-Dimensional, Steady-State; be sure to delimit replicated q"a = 0 equations. V 
T9 = 0.25 * (T7 + T10 +T7 + T10) 

/* Node 10: plane surface node, e-orientation; w, n, s labeled 9, 8, 8. 7 
0.0 = fd_2d_psur_e(T10,T9,T8,T8,k,qdot,deltax,deltay,Tinf,h,q"a) 

//q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 


// Assigned variables 

// For the FDE functions, 
qdot = 0 
deltax = deltay 
deltay = 100e-6 
Tinf = 25 
h = 30000 

// Sink and chip parameters 
k = 400 
Tc = 75 
wf = 200e-6 
ws = 200e-6 


// Volumetric generation, W/m A 3 
// Spatial increments 
// Spatial increment, m 
// MicroChannel fluid temperature, C 

// Convection coefficient, W/m A 2.K 

// Sink thermal conductivity, W/m.K 
// Maximum chip operating temperature, C 
// Channel width, m 
// Sink width, m 


/* Fleat rate per unit length, for two symmetrical elements about one microchannel, 7 

q'cv= 2 * (q'5 + q'6 + q'8 + q'10) 

q'5 = h* (deltax / 2 + deltay / 2) * (T5 - Tinf) 

q'6 = h * deltax / 2 * (T6 - Tinf) 

q'8 = h * deltax * (T8 - Tinf) 

q'10 = h*deltax/2*(T10-Tinf) 

/* Thermal resistance between chip and fluid, per unit channel length, 7 

R'tcf = (Tc - Tinf) / q'cv // Thermal resistance, m.K/W 

// Total power for a chip of 10mm x 10mm, Pchip (W), 

q"c = q'cv / (wf + ws) // Fleat flux on chip surface, W/m A 2 

Pchip = Achip * q"c // Power, W 

Achip = 0.01 * 0.01 //Chip area, m A 2 

/* Data Browser results: chip power, thermal resistance, heat rates and temperature distribution 


Pchip 

R’tcf 

q"c 

q'cv 







219.5 

0.05694 

2.195E6 

878.1 







T1 

T2 

T3 

T4 

T5 

T6 

T7 

T8 

T9 

T10 

74.53 

74.52 

74.53 

74.07 

74.02 

74.09 

73.7 

73.6 

73.53 

73.37 7 



PROBLEM 4.80 


KNOWN: Longitudinal rib (k = 10 W/m-K) with rectangular cross-section with length L= 8 mm and 
width w = 4 mm. Base temperature T b and convection conditions, T k and h, are prescribed. 


FIND: (a) Temperature distribution and fin base heat rate using a finite-difference method with Ax = Ay 
= 2 mm for a total of 5x3=15 nodal points and regions; compare results with those obtained assuming 
one-dimensional heat transfer in rib; and (b) The effect of grid spacing by reducing nodal spacing to Ax = 
Ay = 1 mm for a total of 9 x 3 = 27 nodal points and regions considering symmetry of the centerline; and 
(c) A criterion for which the one-dimensional approximation is reasonable; compare the heat rate for the 
range 1.5 < L/w <10, keeping L constant, as predicted by the two-dimensional, finite-difference method 
and the one-dimensional fin analysis. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) 
uniform over rib surfaces, including tip. 



ANALYSIS: (a) The rib is represented by a 5 x 3 nodal grid as shown above where the symmetry plane 
is an adiabatic surface. The IHT Tool, Finite-Difference Equations, for Two-Dimensional, Steady-State 
conditions is used to formulate the nodal equations (see Comment 2 below) which yields the following 
nodal temperatures (° C) 


45 

39.3 

35.7 

33.5 

32.2 

45 

40.0 

36.4 

34.0 

32.6 

45 

39.3 

35.7 

33.5 

32.2 


Note that the fin tip temperature is 

T t ip=T 12 =32.6°C < 

The fin heat rate per unit width normal to the page, qj in , can be determined from energy balances on the 
three base nodes as shown in the schematic below. 


9 fin = 9a + 9b+9c + 9d + 9e 
q' a =h(Ax/2)(T b —T^) 
q ;=k(Ay/2)(T b -T 1 )/Ax 
9c =k(Ay)(T b -T 5 )/Ax 
qd=k(Ay/2)(T b -T 9 )Ax 
q3 = h (Ax/2)(T b -T^ ) 



Continued... 









PROBLEM 4.80 (Cont.) 

Substituting numerical values, find 

qf in = (12.0 + 28.4 + 50.0 + 28.4 + 12.0)W/m = 130.8 W/m < 

Using the IHT Model, Extended Surfaces, Heat Rate and Temperature Distributions for Rectangular, 
Straight Fins, with convection tip condition, the one-dimensional fin analysis yields 

qf = 131 W/m T tip = 32.2° C < 

(b) With Ax = L/8 = 1 mm and Ax = 1 mm, for a total of 9 x 3 = 27 nodal points and regions, the grid 
appears as shown below. Note the rib centerline is a plane of symmetry. 



Using the same IHT FDE Tool as above with an appropriate expression for the fin heat rate, Eq. (1), the 
fin heat rate and tip temperature were determined. 

1-D analysis 2-D analysis (nodes) 

(5x3) 

T^ (°C) 32.2 32.6 

91m (W/m) 131 131 

(c) To determine when the one-dimensional approximation is reasonable, consider a rib of constant 
length, L = 8 mm, and vary the thickness w for the range 1.5 < L/w <10. Using the above IHT model for 
the 27 node grid, the fin heat rates for 1 -D, q | c |, and 2-D, qoj , analysis were determined as a function of 
w with the error in the approximation evaluated as 

Error (%) = (q / 2d -q'i d )xKX)/qi d 


(9x3) 

32.6 

129 



Note that for small L/w, a thick rib, the 1-D approximation is poor. For large L/w, a thin rib which 
approximates a fin, we would expect the 1 -D approximation to become increasingly more satisfactory. 
The discrepancy at large L/w must be due to discretization error; that is, the grid is too coarse to 
accurately represent the slender rib. 





PROBLEM 4.81 


KNOWN: Bottom half of an I-beam exposed to hot furnace gases. 

FIND: (a) The heat transfer rate per unit length into the beam using a coarse nodal network (5 X 4) 
considering the temperature distribution across the web is uniform and (b) Assess the reasonableness of 
the uniform web-flange interface temperature assumption. 

SCHEMATIC: 


Web 

Flange 


ASSUMPTIONS: (1) Steady-state, two-dimensional conduction, and (2) Constant properties. 

ANALYSIS: (a) The symmetrical section of the I-beam is shown in the Schematic above indicating the 
web-flange interface temperature is uniform, T w = 100°C. The nodal arrangement to represent this 
system is shown below. The nodes on the line of symmetry have been shown for convenience in deriving 
the nodal finite-difference equations. 



Using the IHT Finite-Difference Equations Tool , the set of nodal equations can be readily formulated. 
The temperature distribution (°C) is tabulated in the same arrangement as the nodal network. 


100.00 

100.00 

215.8 

262.9 

284.8 

166.6 

177.1 

222.4 

255.0 

272.0 

211.7 

219.5 

241.9 

262.7 

274.4 

241.4 

247.2 

262.9 

279.3 

292.9 


The heat rate to the beam can be determined from energy balances about the web-flange interface nodes 
as shown in the sketch below. 

Continued... 





PROBLEM 4.81 (Cont.) 



q' w =10W/m-K[(215.8-100)/2 + (l77.1 —100) + (166.6 —100)/2]K = 1683W/m < 


(b) The schematic below poses the question concerning the reasonableness of the uniform temperature 
assumption at the web-flange interface. From the analysis above, note that Ti = 215.8°C vs. T w = 100°C 
indicating that this assumption is a poor one. This L-shaped section has strong two-dimensional 
behavior. To illustrate the effect, we performed an analysis with T w = 100°C located nearly 2 x times 
further up the web than it is wide. For this situation, the temperature difference at the web-flange 
interface across the width of the web was nearly 40°C. The steel beam with its low thermal conductivity 
has substantial internal thermal resistance and given the L-shape, the uniform temperature assumption 
(T w ) across the web-flange interface is inappropriate. 







PROBLEM 4.82 


KNOWN: Plane composite wall with exposed surfaces maintained at fixed temperatures. Material A 
has temperature-dependent thermal conductivity. 

FIND: Heat flux through the wall (a) assuming a uniform thermal conductivity in material A 
evaluated at the average temperature of the section, and considering the temperature-dependent 
thermal conductivity of material A using (b) a finite-difference method of solution in IHT with a 
space increment of 1 mm and (c) the finite-element method of FEHT. 

SCHEMATIC: 


k 0 = 4.4 W/m-K 
a = 0.008 K- 1 
T 0 = 300 K 


T-l = 600 K 



k a = k 0 [1 +<x(T-T 0 )] 
■ k b 


/ 


= 1 W/m-K 


I A 

1 —> x (mm) 



20 25 


Tab 

T 2 = 300 K 


q x 


T i Tab T 2 


ASSUMPTIONS: (1) Steady-state, one-dimensional conduction, (2) No thermal contact resistance 
between the materials, and (3) No internal generation. 

ANALYSIS: (a) From the thermal circuit in the above schematic, the heat flux is 


" _ T 1~ T 2 _ T AB~ T 2 

4x Ra+Rb Rb 


( 1 , 2 ) 


and the thermal resistances of the two sections are 

R A =L A /k A R B =L B /k B ( 3 - 4 ) 

The thermal conductivity of material A is evaluated at the average temperature of the section 

k A = k G {l + [( T i + t ab ) / 2 T 0 ]} (5) 


Substituting numerical values and solving the system of equations simultaneously in IHT, find 

T ab =563.2 K q; =52.64 kW/m 2 < 

(b) The nodal arrangement for the finite-difference method of solution is shown in the schematic 
below. FDEs must be written for the internal nodes (02 - 10, 12 - 15) and the A-B interface node 
(11) considering in section A, the temperature-dependent thermal conductivity. 


01 02 


T 01 = 600 K 

1 



08 09 10 Ml 12 15 



->l k- 

Ax = 1 mm 


k b T 16 = 300 K 


Interior Nodes, Section A (in = 02, 03 ... 10) 

Referring to the schematic below, the energy balance on node m is written in terms of the heat fluxes 
at the control surfaces using Fourier’s law with the thermal conductivity based upon the average 
temperature of adjacent nodes. The heat fluxes into node m are 


Continued 




( 1 ) 


PROBLEM 4.82 (Cont.) 

q ;=k a (m.m + l) Tm+ ;~ Tm 

Ax 

q5=k a (m-i.m) Tm -;~ T| " (2) 

Ax 

and the FDEs are obtained from the energy balance written as 

qc+qd=° (3) 

k a (m,m + l) Tm+1 ~ Tm +k a (m-l,m) Tm - 1 ~ Tm =0 (4) 

Ax Ax 

where the thermal conductivities averaged over the path between the nodes are expressed as 

^a (m —1, m) = k Q {l + tt[(T m _[ +T m ) / 2 — T 0 J| (5) 

k a (m,m + l) = k Q |l + a[(T m +T m+ j)/2 —T 0 J| (6) 


T 


m-1 


T m 


Tm+1 


9d 

k a = (m-1,m) 


k a = (m,m+1) 


Interior nodes, Section A 


Tio 


q’d - 

k a = ("•" lO.TlI) 




q’c 


A-B interface node 


A-B Interface Node 11 

Referring to the above schematic, the energy balance on the interface node, q” + = 0, has the form 


kb 3mili +k> 


( 10 , 11 ) 


TfO-Tfi 


0 


Ax v ' Ax 

where the thermal conductivity in the section A path is 

k(10,ll) = k o {l+[(T 10 +T n )/2-T o ]} 


Interior Nodes, Section B (n = 12 ...15) 

Since the thermal conductivity in Section B is uniform, the FDEs have the form 


Tn _ (Tn-1 +T n+ i)/2 


And the heat flux in the x-direction is 


q'x =k b 


T n ~ T n+l 

Ax 


(7) 

(8) 


(9) 

( 10 ) 


Finite-Difference Method of Solu tion 

The foregoing FDE equations for section A nodes (m = 02 to 10), the AB interface node and their 
respective expressions for the thermal conductivity, k (m, m +1), and for section B nodes are entered 
into the IHT workspace and solved for the temperature distribution. The heat flux can be evaluated 
using Eq. (2) or (10). A portion of the IHT code is contained in the Comments, and the results of the 
analysis are tabulated below. 

T u =T AB =563.2 K =52.64 kW/m 2 


< 

Continued 







PROBLEM 4.82 (Cont.) 


(c) The finite-element method of FEHT can be used readily to obtain the heat flux considering the 
temperature-dependent thermal conductivity of section A. Draw the composite wall outline with 
properly scaled section thicknesses in the x-direction with an arbitrary y-direction dimension. In the 
Specify I Materials Properties box for the thermal conductivity, specify k a as 4.4*[ 1 + 0.008*(T - 
300)] having earlier selected Set I Temperatures in K. The results of the analysis are 

T ab =563 K q'=5.26kW/m 2 < 

COMMENTS: (1) The results from the three methods of analysis compare very well. Because the 
thermal conductivity in section A is linear, and moderately dependent on temperature, the simplest 
method of using an overall section average, part (a), is recommended. This same method is 
recommended when using tabular data for temperature-dependent properties. 

(2) For the finite-difference method of solution, part (b), the heat flux was evaluated at several nodes 
within section A and in section B with identical results. This is a consequence of the technique for 
averaging k a over the path between nodes in computing the heat flux into a node. 

(3) To illustrate the use of IHT in solving the finite-difference method of solution, lines of code for 
representative nodes are shown below. 

// FDEs - Section A 

k01_02 * (T01-T02)/deltax + k02_03 * (T03-T02)/deltax = 0 
k01_02 = ko * (1 + alpha * ((T01 + T02)/2 - To)) 
k02_03 = ko * (1 + alpha * ((T02 + T03)/2 - To)) 

k02_03 * (T02 - T03)/deltax + k03_04 * (T04 - T03)/deltax = 0 
k03_04 = ko * (1 + alpha * ((T03 + T04)/2 - To)) 

// Interface, node 11 

kl 1 * (T10 -T11 )/deltax + kb * (T12 -T11 )/deltax =0 
kl 1 = ko * (1 + alpha * ((T10 + T11 )/2 - To)) 

// Section B (using Tools/FDE/One-dimensional/Steady-state) 

/* Node 12: interior node; */ 

0.0 = fd_1 d_int(T12, T13, T11, kb, qdot, deltax) 

(4) The solved models for Text Examples 4.3 and 4.4, plus the tutorial of the User’s Manual, provide 
background for developing skills in using FEHT. 



PROBLEM 4.83 


KNOWN: Upper surface of a platen heated by hot fluid through the flow channels is used to heat a 
process fluid. 


FIND: (a) The maximum allowable spacing, W, between channel centerlines that will provide a 
uniform temperature requirement of 5°C on the upper surface of the platen, and (b) Heat rate per unit 
length from the flow channel for this condition. 


SCHEMATIC: 



= 5°C 


= 500 W/m 2 -K 


ASSUMPTIONS: (1) Steady-state, two-dimensional conduction with constant properties, and (2) 
Lower surface of platen is adiabatic. 

ANALYSIS: As shown in the schematic above for a symmetrical section of the platen-flow channel 
arrangement, the temperature uniformity requirement will be met when Ti - T 2 = 5°C. The maximum 
temperature, Tj, will occur directly over the flow channel centerline, while the minimum surface 
temperature, T 2 , will occur at the mid-span between channel centerlines. 

We chose to use FEHT to obtain the temperature distribution and heat rate for guessed values of the 
channel centerline spacing, W. The following method of solution was used: (1) Make an initial guess 
value for W; try W = 100 mm, (2) Draw an outline of the symmetrical section, and assign properties 
and boundary conditions, (3) Make a copy of this file so that in your second trial, you can use the 
Draw I Move Node option to modify the section width, W/2, larger or smaller, (4) Draw element lines 
within the outline to create triangular elements, (5) Use the Draw I Reduce Mesh command to 
generate a suitably fine mesh, then solve for the temperature distribution, (6) Use the View I 
Temperatures command to determine the temperatures T| and T 2 , (7) If, Ti - T 2 ~ 5°C, use the View I 
Heat Flows command to find the heat rate, otherwise, change the width of the section outline and 
repeat the analysis. The results of our three trials are tabulated below. 


Trial 

W (mm) 

Ti (°C) 

t 2 (°C) 

Ti-T 2 (°C) 

q’ (W/m) 

1 

100 

108 

98 

10 

— 

2 

60 

119 

118 

1 

— 

3 

80 

113 

108 

5 

1706 


COMMENTS: (1) In addition to the tutorial example in the FEHT User’s Manual, the solved models 
for Examples 4.3 and 4.4 of the Text are useful for developing skills in using this problem-solving 
tool. 

(2) An alternative numerical method of solution would be to create a nodal network, generate the 
finite-difference equations and solve for the temperature distribution and the heat rate. The FDEs 
should allow for a non-square grid, Ax ^ Ay, so that different values for W/2 can be accommodated by 
changing the value of Ax. Even using the IHT tool for building FDEs ( Tools I Finite-Difference 
Equations I Steady-State) this method of solution is very labor intensive because of the large number 
of nodes required for obtaining good estimates. 






PROBLEM 4.84 


KNOWN: Silicon chip mounted in a dielectric substrate. One surface of system is convectively 
cooled, while the remaining surfaces are well insulated. See Problem 4.77. Use the finite-element 
software FEHT as your analysis tool. 

FIND: (a) The temperature distribution in the substrate-chip system; does the maximum temperature 
exceed 85°C?; (b) Volumetric heating rate that will result in a maximum temperature of 85°C; and (c) 

Effect of reducing thickness of substrate from 12 to 6 mm, keeping all other dimensions unchanged 

7 3 

with q = 1x10 W/m ; maximum temperature in the system for these conditions, and fraction of the 
power generated within the chip removed by convection directly from the chip surface. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Two-dimensional conduction in system, and (3) 
Uniform convection coefficient over upper surface. 

ANALYSIS: Using FEHT, the symmetrical section is represented in the workspace as two connected 
regions, chip and substrate. Draw first the chip outline; Specify the material and generation 
parameters. Now, Draw the outline of the substrate, connecting the nodes of the interfacing surfaces; 
Specify the material parameters for this region. Finally, Assign the Boundary Conditions : zero heat 
flux for the symmetry and insulated surfaces, and convection for the upper surface. Draw Element 
Lines, making the triangular elements near the chip and surface smaller than near the lower insulated 
boundary as shown in a copy of the FEHT screen on the next page. Use the Draw\Reduce Mesh 
command and Run the model. 

(a) Use the View\Temperature command to see the nodal temperatures through out the system. As 
expected, the hottest location is on the centerline of the chip at the bottom surface. At this location, the 
temperature is 

T(0, 9 mm) = 46.7°C < 

(b) Run the model again, with different values of the generation rate until the temperature at this 
location is T(0, 9 mm) = 85°C, finding 

q = 2.43xl0 7 W/m 3 < 


Continued 




PROBLEM 4.84 (Cont.) 


y (mm) 


Tinf = 20C, h = 500 W/m A 2-K 



(13.: 

>,12 




1 


















Insulated boundary 
































y ir 





A ^1 

hi i 




(c) Returning to the model code with the conditions of part (a), reposition the nodes on the lower 
boundary, as well as the intermediate ones, to represent a substrate that is of 6-mm, rather than 12-mm 
thickness. Find the maximum temperature as 

T(0,3 mm) = 47.5°C < 

Using the View\Heat Flow command, click on the adjacent line segments forming the chip surface 
exposed to the convection process. The heat rate per unit width (normal to the page) is 

qchip,cv = 60.26 W/m 

The total heat generated within the chip is 

q'tot =q(L/6xH/4) = lxl0 7 W/m 3 x(0.0045x0.003)m 2 =135 W/m 

so that the fraction of the power dissipated by the chip that is convected directly to the coolant stream 
is 


F = qchip,cv/ q'tot =60.26/135 = 45% < 

COMMENTS: (1) Comparing the maximum temperatures for the system with the 12-mm and 6-mm 
thickness substrates, note that the effect of halving the substrate thickness is to raise the maximum 
temperature by less than 1°C. The thicker substrate does not provide significantly improved heat 
removal capability. 

(2) Without running the code for part (b), estimate the magnitude of q that would make T(0, 9 mm) = 
85°C. Did you get q = 2.43xl0 7 W/m 3 ? Why? 



PROBLEM 5.1 


KNOWN: Electrical heater attached to backside of plate while front surface is exposed to 

convection process (Too,h); initially plate is at a uniform temperature of the ambient air and suddenly 
heater power is switched on providing a constant q" Q . 


FIND: (a) Sketch temperature distribution, T(x,t), (b) Sketch the heat flux at the outer surface, 
q x (L,t) as a function of time. 


SCHEMATIC: 




ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Negligible heat 
loss from heater through insulation. 

ANALYSIS: (a) The temperature distributions for four time conditions including the in itial 
distribution, T(x,0), and the steady-state distribution, T(x,°°), are as shown above. 


Note that the temperature gradient at x = 0, -dT/dx) x= o, for t > 0 will be a constant since the flux, 
q x (0), is a constant. Noting that T 0 = T(0,°°), the steady-state temperature distribution will be 
linear such that 

q'o = k To ~^ L,co ) =h [t( L .~)-t^]. 

1 -i 

(b) The heat flux at the front surface, x = L, is given by q x (L,t) = -k (dT/dx) _ T . From the 

X—JL/ 

temperature distribution, we can construct the heat flux-time plot. 



COMMENTS: At early times, the temperature and heat flux at x = L will not change from their 
in itial values. Hence, we show a zero slope for q x (L,t) at early times. Eventually, the value of 

q x (L,t) will reach the steady-state value which is q" Q . 





PROBLEM 5.2 


KNOWN: Plane wall whose inner surface is insulated and outer surface is exposed to an 

airstream at Too- Initially, the wall is at a uniform temperature equal to that of the airstream. 
Suddenly, a radiant source is switched on applying a uniform flux, q^, to the outer surface. 


FIND: (a) Sketch temperature distribution on T-x coordinates for initial, steady-state, and 
two intermediate times, (b) Sketch heat flux at the outer surface, q^ (L,t), as a function of 
time. 


SCHEMATIC: 




(3) Steady state, T(x,a>) 

At intermediate 
times, T(x,t) 


Initial condition 


*—*"X 


T(x,0)=T c 


00 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) No internal 
generation, Eg = 0, (4) Surface at x = 0 is perfectly insulated, (5) All incident radiant power 

is absorbed and negligible radiation exchange with surroundings. 

ANALYSIS: (a) The temperature distributions are shown on the T-x coordinates and labeled 
accordingly. Note these special features: (1) Gradient at x = 0 is always zero, (2) gradient is 
more steep at early times and (3) for steady-state conditions, the radiant flux is equal to the 
convective heat flux (this follows from an energy balance on the CS at x = L), 

Qo =qconv = h[T(L,°°)-T 00 ]. 



(b) The heat flux at the outer surface, q^ (L,t), as a function of time appears as shown above. 


COMMENTS: The sketches must reflect the initial and boundary conditions: 

T(x,0) = T^ uniform initial temperature. 


-k 


d T , 
d x 
d T 


x=0 


= 0 


^L= h [ T (U)-T 00 ]-qo 


insulated at x = 0. 

surface energy balance at x = L. 





PROBLEM 5.3 


KNOWN: Microwave and radiant heating conditions for a slab of beef. 

FIND: Sketch temperature distributions at specific times during heating and cooling. 

SCHEMATIC: 



Slab of beef of thickness 2.L 
with microwave (uniform 
interna!) heating or radiant 
(uniform surface) heating. 


ASSUMPTIONS: (1) One-dimensional conduction in x, (2) Uniform internal heat generation for 
microwave, (3) Uniform surface heating for radiant oven, (4) Heat loss from surface of meat to 
surroundings is negligible during the heating process, (5) Symmetry about midplane. 

ANALYSIS: 




COMMENTS: (1) With uniform generation and negligible surface heat loss, the temperature 
distribution remains nearly uniform during microwave heating. During the subsequent surface 
cooling, the maximum temperature is at the midplane. 

(2) The interior of the meat is heated by conduction from the hotter surfaces during radiant heating, 
and the lowest temperature is at the midplane. The situation is reversed shortly after cooling begins, 
and the maximum temperature is at the midplane. 



PROBLEM 5.4 


KNOWN: Plate initially at a uniform temperature Tj is suddenly subjected to convection process 
(Too,!!) on both surfaces. After elapsed time to, plate is insulated on both surfaces. 


FIND: (a) Assuming Bi » 1, sketch on T - x coordinates: initial and steady-state (t —> °o) 
temperature distributions, T(x,to) and distributions for two intermediate times t 0 < t < °o, (b) Sketch 
on T -1 coordinates midplane and surface temperature histories, (c) Repeat parts (a) and (b) 
assuming Bi « 1, and (d) Obtain expression for T(x,°°) = Tf in terms of plate parameters (M,Cp), 

thermal conditions (Tj, Too, h), surface temperature T(L,t) and heating time to. 


SCHEMATIC: 




Time, t 

Process Cr^TP 

1 

t^O 

Uniform 7 J 

Heating, (To.ti) 

i 

0-t- o 


t>to 

insulated 

L L x L 


}—Surface area. A s 
(both faces) 


-Mass M 
-T^OhT; 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) No internal 

generation, (4) Plate is perfectly insulated for t > to, (5) T(0, t < t Q ) < Too. 

ANALYSIS: (a,b) With Bi » 1, appreciable temperature gradients exist in the plate following 
exposure to the heating process. 




On T-x coordinates: (1) initial, uniform temperature, (2) steady-state conditions when t —> (3) 

distribution at to just before plate is covered with insulation, (4) gradients are always zero 
(symmetry), and (5) when t > to (dashed lines) gradients approach zero everywhere. 


(c) If Bi « 1, plate is space-wise isothermal (no gradients). On T-x coordinates, the temperature 
distributions are flat; on T-t coordinates, T(L,t) = T(0,t). 


(d) The conservation of energy requirement for the interval of time At = t D is 

Ein — E ou t = AE = Eq na j - Ej na j a ] 2 hA s [t^ - T (L,t) ] dt - 0 = Mcp (if - Tf) 


where E m is due to convection heating over the period of time t = 0 —> t 0 - With knowledge of 
T(L,t), this expression can be integrated and a value for Tf determined. 





PROBLEM 5.5 


KNOWN: Diameter and initial temperature of steel balls cooling in air. 
FIND: Time required to cool to a prescribed temperature. 

SCHEMATIC: 


D-0.012. 



T„* 32 SK 

h*ZOW/m*-K 



m 



Steel t 1]*U50K 
k*+ 0 W/m-K 
/^7800ka/m 3 
c~600 J/kg’K 


ASSUMPTIONS: (1) Negligible radiation effects, (2) Constant properties. 
ANALYSIS: Applying Eq. 5.10 to a sphere (L c = r 0 /3), 

Bi hL c h(r„/3) 20 W/m 2 -K (0.002m) Q0()1 

k k 40 W/m ■ K 


Hence, the temperature of the steel remains approximately uniform during the cooling process, and 
the lumped capacitance method may be used. From Eqs. 5.4 and 5.5, 


t = 


P Vc P fr Tj-Too 
hA s T-Too 


P (iD^/6 ]Cp T _ T 

—--—ln-i—— 

hrc D“ T - T oo 


7800kg/m 3 (0.012m) 600J/kg • K 1150 -325 
6x20 W/m 2 ■ K H 400-325 


t = 1122 s = 0.312h < 

COMMENTS: Due to the large value of T h radiation effects are likely to be significant during the 
early portion of the transient. The effect is to shorten the cooling time. 



PROBLEM 5.6 


KNOWN: The temperature-time history of a pure copper sphere in an air stream. 
FIND: The heat transfer coefficient between the sphere and the air stream. 

SCHEMATIC: 


Tco-Z7°C 

-> 

-> 

-o 



T(0)=66°C 

T(69$)--5S°C 


D=lZ.7mm 


ASSUMPTIONS: (1) Temperature of sphere is spatially uniform, (2) Negligible radiation 
exchange, (3) Constant properties. 

PROPERTIES: Table A-l, Pure copper (333K): p = 8933 kg/m 3 , c p = 389 J/kg-K, k = 398 
W/mK. 


ANALYSIS: The time-temperature history is given by Eq. 5.6 with Eq. 5.7. 


6(0 ' 

-eT =exp 


t 

RA 


where R t = 


1 


hA c 


A s =7t D" 


C t = pVc p V = 


n D 


0 =T-T 00 . 


Recognize that when t = 69s, 
0 (t) _ (55-27)° C 


= 0.718 = exp 


0 i (66-27)° C 
and noting that x t = R t C t find 
x t = 208s. 

Hence, 

pY C p 8933 kg/m 3 ^710. 


f t' 


v T t j 


= exp 


r 69s A 




0127 3 m 3 /6 


h = 


)389J/kg 


■K 


A s x 


s l t 


Tt0.0127 2 m 2 x208s 


h =35.3 W/m z K. 


< 


COMMENTS: Note that with L c = D 0 / 6 , 

Bi = ^ = 35 3 w/m 2 , Kx Q - Q127 m/398 W/m ■ K = 1 .88 xlO 4 
k 6 


Hence, Bi < 0.1 and the spatially isothermal assumption is reasonable. 



PROBLEM 5.7 


KNOWN: Solid steel sphere (AISI 1010), coated with dielectric layer of prescribed thickness and 
thermal conductivity. Coated sphere, initially at uniform temperature, is suddenly quenched in an oil 
bath. 


FIND: Time required for sphere to reach 140°C. 


SCHEMATIC: 

Sphere t D-300mm 
AISI 1010 steel, 
A T(0}*S0O°C 






'Dielectric 




T oa ~100°C 

h = 3300W/m*K 


PROPERTIES: Table A-l, AISI 1010 Steel (t = [500 +140]°C/2 = 320°C » 600k) : 
p =7832 kg/m 3 , c = 559 J/kg ■ K, k = 48.8 W/m- K. 


ASSUMPTIONS: (1) Steel sphere is space-wise isothermal, (2) Dielectric layer has negligible 
thermal capacitance compared to steel sphere, (3) Layer is thin compared to radius of sphere, (4) 
Constant properties. 


ANALYSIS: The thermal resistance to heat transfer from the sphere is due to the dielectric layer and 
the convection coefficient. That is, 


1_ 0.002m | 1 

k h 0.04 W/m K 3300 W/m 2 K 


= (0.050+0.0003) = 0.0503 


m 2 • K 
W 


p 2 

or in terms of an overall coefficient, U = 1/R = 19.88 W/m • K. The effective Biot number is 


Bi P 


UL C _ U(tb /3) _ 19.88 W/m 2 ■ Kx(0.300/6)m 


: 0.0204 


k k 48.8 W/m K 

where the characteristic length is L c = r 0 /3 for the sphere. Since Big <0.1, the lumped capacitance 
approach is applicable. Hence, Eq. 5.5 is appropriate with h replaced by U, 

T(0)-T oo 


t=p£ 

’ V " 


" V " 

u 

_ A s_ 

e 0 u 

_ A s . 


In 


T(t)-T 0 


Substituting numerical values with (V/A s ) = r 0 /3 = D/6, 


7832 kg/nr x559 J/kg ■ K 


19.88 W/m z K 


0.300m 


In 


(500-100)° C 
(140-100)° C 


t = 25,358s = 7.04h. < 

COMMENTS: (1) Note from calculation of R" that the resistance of the dielectric layer dominates 
and therefore nearly all the temperature drop occurs across the layer. 



PROBLEM 5.8 


KNOWN: Thickness, surface area, and properties of iron base plate. Heat flux at inner surface. 
Temperature of surroundings. Temperature and convection coefficient of air at outer surface. 

FIND: Time required for plate to reach a temperature of 135°C. Operating efficiency of iron. 

SCHEMATIC: 



ASSUMPTIONS: (1) Radiation exchange is between a small surface and large surroundings, (2) 
Convection coefficient is independent of time, (3) Constant properties, (4) Iron is initially at room 

temperature (Tj = Too). 

ANALYSIS: Biot numbers may be based on convection heat transfer and/or the maximum heat 
transfer by radiation, which would occur when the plate reaches the desired temperature (T = 135°C). 

From Eq. (1.9) the corresponding radiation transfer coefficient is h r = £g(T +T sur ) ^T“ + T 4 r j = 0.8 x 
5.67 x 10' 8 W/m 2 K 4 (408 + 298) K (408 2 + 298 2 ) K 2 = 8.2 W/m 2 -K. Hence, 

hL 10W/m 2 K(0.007m) _ 4 

k 180W/mK 

h r L 8.2 W/m 2 ■ K (0.007m) 4 

k 180W/mK 


With convection and radiation considered independently or collectively, Bi, Bi r , Bi + Bi r « 1 and the 
lumped capacitance analysis may be used. 

The energy balance, Eq. (5.15), associated with Figure 5.5 may be applied to this problem. With 
Eg = 0, the integral form of the equation is 


T _ T ^s_ 
pVc 


Jok - h (T - Lx,) - £<r (t 4 - T s 4 r )ldt 


Integrating numerically, we obtain, for T = 135°C, 


t = 168s 


< 


COMMENTS: Note that, if heat transfer is by natural convection, h, like h r , will vary during the 
process from a value of 0 at t = 0 to a maximum at t = 168s. 



PROBLEM 5.9 


KNOWN: Diameter and radial temperature of AISI1010 carbon steel shaft. Convection 
coefficient and temperature of furnace gases. 

FIND: Time required for shaft centerline to reach a prescribed temperature. 

SCHEMATIC: 


T(0,t)=S00K 



ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Constant properties. 
PROPERTIES: AISI 1010 carbon steel. Table A.l (T = 550 K): p = 7832 kg / m 2 , k = 51.2 
W/m-K, c = 541 J/kg-K, a = 1.21x10 ^ nf7s. 

ANALYSIS: The Biot number is 


Bi _hr o /2_ 100W/m 2 -K(0.05m/2) _ 001;s 
k 51.2 W/m-K 


Hence, the lumped capacitance method can be applied. From Equation 5.6, 


T-T x 

Ti-X* 


= exp 


f hAs ^ 

pVc 


[ 4h 1 
= exp-1 

[ pcD J 


In 


800-1200 


v 300-1200 j 


= -0.811 = 


4x100 W/m z ■ K 


7832 kg/nr 3 (541 J/kg-K)0.1 m 


t = 859 s. 


< 


COMMENTS: To check the validity of the foregoing result, use the one-term approximation to the 
series solution. From Equation 5.49c, 


X) Too 

Tj —Too 


—400 / ? 

—^ = 0.444= Ci expl-q, Fo 
-900 ' 1 


For Bi = hr G /k = 0.0976, Table 5.1 yields qi = 0.436 and Ci = 1.024. Hence 

-(0.436) 2 (l.2xl0 -5 m 2 /s) 

---.--t = In (0.434) = -0.835 

(0.05 m) 

t = 915 s. 


The results agree to within 6%. The lumped capacitance method underestimates the actual time, 
since the response at the centerline lags that at any other location in the shaft. 



PROBLEM 5.10 

KNOWN: Configuration, initial temperature and charging conditions of a thermal energy storage unit. 

FIND: Time required to achieve 75% of maximum possible energy storage. Temperature of storage 
medium at this time. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Negligible radiation 
exchange with surroundings. 


PROPERTIES: Table A-l, Aluminum, pure [T = 600K = 327°Cj : k = 231 W/mK, c = 1033 
J/kg-K, p = 2702 kg/m 3 . 


ANALYSIS: Recognizing the characteristic length is the half thickness, find 

hL 100W/m 2 -Kx0.025m , 

Bt = — =-= 0.011. 

k 231 W/mK 

Hence, the lumped capacitance method may be used. From Eq. 5.8, 

Q = (pVc)0 i [l-exp(-t/x t )]=-AE st (1) 

_ AE st, max = (P Vc )0 p (2) 

Dividing Eq. (1) by (2), 

AE s t / AE s p max = 1 — exp(-t/iji 1 ) = 0.75. 


01 . . pVc pLc 2702 kg/m 3 x0.025mxl033 J/kg-K 

Solvmg for x th = --= --=-±-----= 698s. 

hA s h 100 W/m 2 ■ K 

Hence, the required time is 

-exp (—t/698s) =-0.25 or t = 968s. < 

From Eq. 5.6, 


T-T 

1 1 oo 

T-T 

‘oo 


= exp(-t/x th ) 


T =T 00 + (Tj -L>o )exp(-t/x th ) = 600° C - f 575°c)exp (-968/698) 


T =456°C. < 

COMMENTS: For the prescribed temperatures, the property temperature dependence is significant 
and some error is incurred by assuming constant properties. However, selecting properties at 600K 
was reasonable for this estimate. 



PROBLEM 5.11 


KNOWN: Diameter, density, specific heat and thermal conductivity of aluminum spheres used in 
packed bed thermal energy storage system. Convection coefficient and inlet gas temperature. 

FIND: Time required for sphere to acquire 90% of maximum possible thermal energy and the 
corresponding center temperature. Potential advantage of using copper in lieu of aluminum. 

SCHEMATIC: 




Aluminum sphere 
D = 75 mm, Tj = 25°C 
p = 2700 kg/m 3 
c = 950 J/kg-K 
k = 240 W/m-K 


ASSUMPTIONS: (1) Negligible heat transfer to or from a sphere by radiation or conduction due to 
contact with other spheres, (2) Constant properties. 

ANALYSIS: To determine whether a lumped capacitance analysis can be used, first compute Bi = 
h(r 0 /3)/k = 75 W/m~-K (0.025m)/150 W/m-K = 0.013 <0.1. Hence, the lumped capacitance 
approximation may be made, and a uniform temperature may be assumed to exist in the sphere at any 
time. From Eq. 5.8a, achievement of 90% of the maximum possible thermal energy storage 
corresponds to 

Q = 0.90 = 1 - exp (-t / T t ) 
pcV0j 3 w 

where r t = pVc/hA s = pDc/6h = 2700kg/m 3 x0.075mx950 J/kg • K/6x75 W/m 2 ■ K = 427s. Hence, 

t = -T t In (0.1) = 427s x 2.30 = 984s < 

From Eq. (5.6), the corresponding temperature at any location in the sphere is 
T(984s) = Tg j +(Tj -T g j )exp(-6ht/pDc) 

T (984s ) = 300°C - 275°C exp (-6 x 75 W / m 2 • K x 984s / 2700 kg / m 3 x 0.075m x 950 J / kg • K j 
T(984)s = 272.5°C < 

3 

Obtaining the density and specific heat of copper from Table A-l, we see that (pc)c u ~ 8900 kg/m x 
400 J/kg-K = 3.56 x 10 6 J/m 3 -K > (pc) <\| = 2.57 x 10 6 J/m 3 -K. Hence, for an equivalent sphere 
diameter, the copper can store approximately 38% more thermal energy than the aluminum. 

COMMENTS: Before the packed bed becomes fully charged, the temperature of the gas decreases 
as it passes through the bed. Hence, the time required for a sphere to reach a prescribed state of 
thermal energy storage increases with increasing distance from the bed inlet. 







PROBLEM 5.12 


KNOWN: Wafer, initially at 100°C, is suddenly placed on a chuck with uniform and constant 
temperature, 23°C. Wafer temperature after 15 seconds is observed as 33°C. 

FIND: (a) Contact resistance, R[ c , between interface of wafer and chuck through which helium slowly 
flows, and (b) Whether R[ c will change if air, rather than helium, is the purge gas. 


SCHEMATIC: 




/ 


Q cond 


PROPERTIES: Wafer (silicon, typical values): p = 2700 kg/m 3 , c = 875 J/kg-K, k = 177 W/m-K. 

ASSUMPTIONS: (1) Wafer behaves as a space-wise isothermal object, (2) Negligible heat transfer 
from wafer top surface, (3) Chuck remains at uniform temperature, (4) Thermal resistance across the 
interface is due to conduction effects, not convective, (5) Constant properties. 

ANALYSIS: (a) Perform an energy balance on the wafer as shown in the Schematic. 


nn 


' Eout + Eg - E st 


(1) 


// _ T-- // 

"Ocond = ^st 


l w 


(t)-T c dT, 

— = pwc 


R 


tc 


dt 


( 2 ) 

(3) 


Separate and integrate Eq. (3) 

_ I"* ^ _ r T w dT w 

J0pwcRt c “ J T w iT w -T c 


Tw (0 T c 

---= exp 

T ■ -T 
x wi x c 


t 

pwcRt c 


(5) 


Substituting numerical values for T w (15s) = 33°C, 

(33-23)° C [ 15 s 

-~ = eX P -7-7-a- 

(100-23) C L 2700k g/ m x0 - 758xl ° mx875J/kg-KxRt c 

R{ C = 0.0041m 2 K/W 


( 6 ) 

< 


(b) R[ c will increase since k air < kheiium- See Table A.4. 

COMMENTS: Note that Bi = R int /R ext = (w/k)/ Rj c = 0.001. Hence the spacewise isothermal 
assumption is reasonable. 




PROBLEM 5.13 


KNOWN: Inner diameter and wall thickness of a spherical, stainless steel vessel. Initial 
temperature, density, specific heat and heat generation rate of reactants in vessel. Convection 
conditions at outer surface of vessel. 

FIND: (a) Temperature of reactants after one hour of reaction time, (b) Effect of convection 
coefficient on thermal response of reactants. 

SCHEMATIC: 



Reactants, Tj = 25°C 
q = 10 5 W/m 3 
p= 1100 kg/m 3 
c = 2400 J/kg-K 

Dj = 1 m 
D 0 = 1.1 m 


Tco T so ! 

- — y VV\A—^Vv^* 


Ri 


■t.conv 


R 


t.cond 


ASSUMPTIONS: (1) Temperature of well stirred reactants is uniform at any time and is equal to 
inner surface temperature of vessel (T = T s j), (2) Thermal capacitance of vessel may be neglected, (3) 
Negligible radiation exchange with surroundings, (4) Constant properties. 

ANALYSIS: (a) Transient thermal conditions within the reactor may be determined from Eq. (5.25), 
which reduces to the following form for Tj - T M = 0. 

T = T co +(b/a)[l-exp(-at)] 

where a = UA/pVc and b = E g / pVc = q / pc. From Eq. (3.19) the product of the overall heat transfer 
coefficient and the surface area is UA = (R CO nd + R C onv) \ where from Eqs. (3.36) and (3.9), 

Rt,cond=—I—1= - ‘ - -cl—-— 1= 8.51xl0 _4 K/W 


1 

' 1 _ n 

1 

f 1 1 "j 

2^k 

V D i D ° j 

~ 2i(l7W/m-K) 

v 1.0m 1.1m 


R 


1 


1 


t,conv 


hA r 


6 W / m z ■ K 


j^(l.lm)^ 


: 0.0438K/W 


Hence, UA = 24.4 W/K. It follows that, with V = 7rDj / 6, 

UA 6(22.4W/K) 


P Wc 1100kg/m 3 x^:(lm) 3 2400J/kg-K 


1.620x10 _5 s _1 


, q 10 4 W / m 3 

b = — =-~- 

P c 1100 kg / m 3 x 2400 J / kg ■ K 

With (b/a) = 233.8°C and t = 18,000s, 


:3.788xl0 _J K/s 


T = 25°C + 233.8°C 


1-exp 


(->■ 


62x10~ 3 s _1 x 18,000s 


: 84.1°C 


Neglecting the thermal capacitance of the vessel wall, the heat rate by conduction through the wall is 
equal to the heat transfer by convection from the outer surface, and from the thermal circuit, we know 
that 


Continued 




PROBLEM 5.13 (Cont.) 


T-T s , 0 Rt.cond _8.51 x 10~ 4 K/W 
T s,o- T °o R t,conv 0.0438 K/W 


T + 0.0194 84.1 °C + 0.0194 (25°C) 


l s,o 


1.0194 


1.0194 


■ 83.0°C 


< 


? 2 

(b) Representative low and high values of h could correspond to 2 W/m K and 100 W/m K for free 
and forced convection, respectively. Calculations based on Eq. (5.25) yield the following temperature 
histories. 



Process tim e (s) 


- h=2 W/m A 2.K 

- x - h=6 W/m A 2.K 
—h = 1 00 W/m A 2.K 


Forced convection is clearly an effective means of reducing the temperature of the reactants and 
accelerating the approach to steady-state conditions. 

COMMENTS: The validity of neglecting thermal energy storage effects for the vessel may be 
assessed by contrasting its thermal capacitance with that of the reactants. Selecting values of p = 

3 

8000 kg/m and c = 475 J/kg-K for stainless steel from Table A-l, the thermal capacitance of the 
vessel is C t>v = (pVc) st = 6.57 x 10 5 J/K, where V = (^/6 )(d„ -D^ ). With C u = (pVc) r = 2.64 x 

I () (l J/K for the reactants, C Lr /C Lv ~ 4. Hence, the capacitance of the vessel is not negligible and 
should be considered in a more refined analysis of the problem. 




PROBLEM 5.14 


KNOWN: Volume, density and specific heat of chemical in a stirred reactor. Temperature and 
convection coefficient associated with saturated steam flowing through submerged coil. Tube 
diameter and outer convection coefficient of coil. Initial and final temperatures of chemical and time 
span of heating process. 


FIND: Required length of submerged tubing. Minimum allowable steam flowrate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Constant properties, (2) Negligible heat loss from vessel to surroundings, (3) 
Chemical is isothermal, (4) Negligible work due to stirring, (5) Negligible thermal energy generation 
(or absorption) due to chemical reactions associated with the batch process, (6) Negligible tube wall 
conduction resistance, (7) Negligible kinetic energy, potential energy, and flow work changes for 
steam. 

ANALYSIS: Heating of the chemical can be treated as a transient, lumped capacitance problem, 
wherein heat transfer from the coil is balanced by the increase in thermal energy of the chemical. 
Hence, conservation of energy yields 

^ = p Vc^ = UA s (T h -T) 


dt 

Integrating, 

-In 


& 


dt 
T dT 


UA C 


TiT h -T pVc 

T h ~T _ UA s t 
T h - Tj pVc 


r l dt 

Jo 


A s =- 


P Vc in T h- T 


Ut 


T h -Ti 

U = (hT 1 +h“ 1 ) 1 = [(1/10,000) +(1/2000)]' 


( 1 ) 


W / m z ■ K 


U = 1670 W / m z ■ K 


A s =' 


(l200kg/m 3 )(2.25m 3 )(2200J/kgK) 


( 


L: 


A c 


1.37m 


1670W/m z ■ K 

2 


) (3600s) 


l n 500-450 = i3 7m2 

500-300 


ttD k (0.02m) 


21.8m 


COMMENTS: Eq. (1) could also have been obtained by adapting Eq. (5.5) to the conditions of this 
problem, with Too and h replaced by Th and U, respectively. 



PROBLEM 5.15 


KNOWN: Thickness and properties of furnace wall. Thermal resistance of film on surface of wall 
exposed to furnace gases. Initial wall temperature. 

FIND: (a) Time required for surface of wall to reach a prescribed temperature, (b) Corresponding 
value of fi lm surface temperature. 

SCHEMATIC: 


%> ^ %,i 

*-yvyv7#rvvW-* 

m - r; 


T^ISOOK f f 

h=25W/v*K' 1 


Rf -10 m z -KfW 



i- VtCarbon s+eel, 1J=300K 

I ~% r izooK 

w 

V 


ASSUMPTIONS: (1) Constant properties, (2) Neghgible film thermal capacitance, (3) Negligible 
radiation. 

PROPERTIES: Carbon steel (given): p = 7850 kg/m 3 , c = 430 J/kg-K, k = 60 W/m-K. 

ANALYSIS: The overall coefficient for heat transfer from the surface of the steel to the gas is 

( t A -1 C * 3 _1 


u = ( R tot) 1 


I +Rf 


1 


25 W/m z ■ K 


-+10 2 m 2 K/W 


20 W/m ■ K. 


J 


Hence, 


D . UL 20 W/m z ■ KxO.Ol m n nn ., 

Bi =-=-= 0.0033 

k 60 W/m ■ K 

and the lumped capacitance method can be used. 


(a) It follows that 

T-T 


T -T 

A 1 A oo 


= exp(-t/x t ) = exp(-t/RC) =exp(-Ut/pLc) 


t = _pL£in T 


U 


Ti - To, 


7850 kg/m J (0.01 m) 430 J/kg ■ K 1200 -1300 


20 W/m ■ K 


300-1300 


t = 3886s = 1.08h. < 

(b) Performing an energy balance at the outer surface (s,o), 
h (Xxd -T s 0 ) = (t s o -T s i )/Rf 

_ hTpo+T^j/Rf _ 25 W/m 2 ■ KX1300K +1200 K/10~ 2 m 2 -K/W 
s ’° h + (l/Rf) (25+100) W/m 2 K 


T S;O =1220 K. 


< 


COMMENTS: The film increases x t by increasing Rt but not Ct- 



PROBLEM 5.16 


KNOWN: Thickness and properties of strip steel heated in an annealing process. Furnace operating 
conditions. 

FIND: (a) Time required to heat the strip from 300 to 600°C. Required furnace length for prescribed 
strip velocity (V = 0.5 m/s), (b) Effect of wall temperature on strip speed, temperature history, and 
radiation coefficient. 

SCHEMATIC: 



ASSUMPTIONS: (1) Constant properties, (2) Negligible temperature gradients in transverse direction 
across strip, (c) Negligible effect of strip conduction in longitudinal direction. 

PROPERTIES: Steel: p = 7900 kg/m 3 , c p = 640 J/kg-K, k = 30 W/m-K, e= 0.7. 

ANALYSIS: (a) Considering a fixed (control) mass of the moving strip, its temperature variation with 
time may be obtained from an energy balance which equates the change in energy storage to heat transfer 
by convection and radiation. If the surface area associated with one side of the control mass is 
designated as A s , A s c = A s r = 2A S and V = 8A S in Equation 5.15, which reduces to 

pc«S^ = -2 h(T-T 00 ) + £(j(T 4 -T s 4 ur ) 

or, introducing the radiation coefficient from Equations 1.8 and 1.9 and integrating, 

Tf_Ti= ‘Hpi)r[ h(T “ T “ >)+hr(T “ Ts “ r) ] dt 

Using the IHT Lumped Capacitance Model to integrate numerically with T; = 573 K, we find that T f = 
873 K corresponds to 

t f ~ 209s < 

in which case, the required furnace length is 

L = Vtf « 0.5m/sx209s ~ 105m < 

(b) For T w = 1123 K and 1273 K, the numerical integration yields t f ~ 102s and 62s respectively. Hence, 
for L = 105 m , V = L/t f yields 

V (T w = 1123 K) = 1.03 m/s 

V(T W =1273 K) = 1.69 m/s < 


Continued... 







PROBLEM 5.16 (Cont.) 


which correspond to increased process rates of 106% and 238%, respectively. Clearly, productivity can 
be enhanced by increasing the furnace environmental temperature, albeit at the expense of increasing 
energy utilization and operating costs. 

If the annealing process extends from 25°C (298 K) to 600°C (873 K), numerical integration 
yields the following results for the prescribed furnace temperatures. 




Tsur = Tinf = 1000 C 
Tsur = Tinf = 850 C 
Tsur = Tinf = 700 C 


o Tsur = Tinf = 1000 C 
a Tsur = Tinf = 850 C 
□ Tsur = Tinf = 700 C 


As expected, the heating rate and time, respectively, increase and decrease significantly with increasing 
T w . Although the radiation heat transfer rate decreases with increasing time, the coefficient h r increases 
with t as the strip temperature approaches T w . 

COMMENTS: To check the validity of the lumped capacitance approach, we calculate the Biot number 
based on a maximum cumulative coefficient of (h + h r ) ~ 300 W/m 2 K. It follows that Bi = (h + h r )(5/2)/k 
= 0.06 and the assumption is valid. 




PROBLEM 5.17 


KNOWN: Diameter, resistance and current flow for a wire. Convection coefficient and temperature 
of surrounding oil. 

FIND: Steady-state temperature of the wire. Time for the wire temperature to come within 1°C of 
its steady-state value. 


SCHEMATIC: 



h-^OO W/mZ-K 



^—W/re, D-l mm 




+>T=100A 


ASSUMPTIONS: (1) Constant properties, (2) Wire temperature is independent of x. 
PROPERTIES: Wire (given): p = 8000 kg/rri\ Cp = 500 J/kg-K, k = 20W/m-K, R(, = 0.01 D/m. 
ANALYSIS: Since 


Bi= M 


500 W/m z ■ K 2.5x10" m 


(2.5xl0' 4 m) 


= 0.006 <0.1 


k 20 W/m ■ K 

the lumped capacitance method can be used. The problem has been analyzed in Example 1.3, and 
without radiation the steady-state temperature is given by 


Hence 


71 Dh(T-T co ) = 1 Kg. 


T =T 00 +--= 25°C +■ 

Ti Dh 


(100A) 2 0.01O/m 


■ 88.7 C. 


7l (0.001 m)500 W/m z ■ K 

With no radiation, the transient thermal response of the wire is governed by the expression (Example 
1.3) 

dT _ I 2 R; 
dt pc p ^D 2 /4) 


4h 

P c pD 


(T-Xo). 


With T = Tj = 25°C at t = 0, the solution is 


T -T„ 


I z R; /71 Dh 


( 


T -T 

‘oo 


l Z R' e /% Dh 


= exp 


4h 


P c pD 


Substituting numerical values, find 


87.7-25-63.7 

25-25-63.7 

t = 8.31s. 


f 


- = exp 


4x 500 W/trr ■ K 


8000 kg/irr x 500 J/kg ■ K x 0.001 m 


COMMENTS: The time to reach steady state increases with increasing p, Cp and D and with 
decreasing h. 



PROBLEM 5.18 


KNOWN: Electrical heater attached to backside of plate while front is exposed to a convection process 
(Too, h); initially plate is at uniform temperature before heater power is switched on. 

FIND: (a) Expression for temperature of plate as a function of time assuming plate is spacewise 
isothermal, (b) Approximate time to reach steady-state and T(°°) for prescribed T„, h and q£, when wall 
material is pure copper, (c) Effect of h on thermal response. 


SCHEMATIC: 


q" = 5000 W/m 2 


Heater 



7^=27 °C 

h = 5Q, 100, 200 W/m 2 -K 

- Copper, pure 

Tj = 27 °C 


<7o 



*7 com = 


'i h(7-Too) 


• x L = 12 mm 

ASSUMPTIONS: (1) Plate behaves as lumped capacitance, (2) Negligible loss out backside of heater, 
(3) Negligible radiation, (4) Constant properties. 


PROPERTIES: Table A-l , Copper, pure (350 K): k = 397 W/m-K, c p - 385 J/kg-K, p = 8933 kg/m 3 . 


ANALYSIS: (a) Following the analysis of Section 5.3, the energy conservation requirement for the 
system is Ej n — E out = E st or qQ — h (T — ) = pLCp dT/dt. Rearranging, and with R[ = 1/h and 

Ct = pLcp, 


T - ^-q'/h = -Rt-Ct dT/dt 

Defining 0 (t) = T — T^ — q^/h with d0 = dT, the differential equation is 

dd 


e = -R[cl — . 


dt 


Separating variables and integrating, 
rd d0 _ rt dt 

~e~ ~ - Jo R "r" 


it follows that 


jor;c 


t^t 


e 

- = ex P 


r;c 


t^t 


where =0(O) = Tj -T^ -(qg/h) 


(1) 

( 2 ) 


(3) < 

(4) 


2 

(b) For h = 50 W/m" K, the steady-state temperature can be determined from Eq. (3) with t —> °o; that is, 
0(oo) = O = T(°o)-T oo -qo/h or T(oo) = T^ + q ;/h , 

giving T(oo) = 27°C + 5000 W/m 2 /50 W/m 2 K = 127°C. To estimate the time to reach steady-state, first 
determine the thermal time constant of the system, 



50 W/m K 


(8933kg/m 3 x385 J/kg ■ Kxl2xl0“ 3 m) = 825s 


J 


Continued... 






PROBLEM 5.18 (Cont.) 


When t = 3x, = 3x825s = 2475s, Eqs. (3) and (4) yield 


0 (3r t ) = T (3r t )-27°C 


5000 w/m 2 
50w/m 2 K 


5000 w/m 2 
50 w/ m 2 ■ K 


T(3x t ) = 122°C < 

(c) As shown by the following graphical results, which were generated using the IHT Lumped 
Capacitance Model , the steady-state temperature and the time to reach steady-state both decrease with 
increasing h. 



—e— h = 50 W/m A 2.K 
—a— h = 100 W/m”2.K 
—a— h = 200 W/m A 2.K 


COMMENTS: Note that, even for h = 200 W/m-K, Bi = hL/k « 0.1 and assumption (1) is reasonable. 




PROBLEM 5.19 


KNOWN: Electronic device on aluminum, finned heat sink modeled as spatially isothermal object with 
internal generation and convection from its surface. 

FIND: (a) Temperature response after device is energized, (b) Temperature rise for prescribed 
conditions after 5 min. 


SCHEMATIC: 


[r\r\nd 



M = 0.3lkg 
Tj ^Tao -2.0°C 
E 9 -60W 
T(oo)-100°C 


ASSUMPTIONS: (1) Spatially isothermal object, (2) Object is primarily aluminum, (3) hiitially, object 
is in equilibrium with surroundings at Too. 

PROPERTIES: Table A-l, Aluminum, pure (f = (20 + 100)° C/2 = 333K): c = 918 J/kg-K. 


( 1 ) 


ANALYSIS: (a) Following the general analysis of Section 5.3, apply the conservation of energy 
requirement to the object, 


Ein + Eg E out - E st 


irp 

E„ -hA s (T -Too) = Me — 

dt 


where T = T(t). Consider now steady-state conditions, in which case the storage term of Eq. (1) is 
zero. The temperature of the object will be T(°o) such that 

E g =hA s (T(oo)-Too). (2) 

Substituting for Eg using Eq. (2) into Eq. (1), the differential equation is 




„ Me d0 

or 0 =-=- 

hA s dt 


(3,4) 


with 0 = T - T(oo) and noting that d0 = dT. Identifying R t =l/hA s and C t =Mc, the differential 
equation is integrated with proper limits, 

r 

t 


0 __ 

R t C t J 0~ J0i 0 ” —-exp 


1 rt p0 d0 

~c\ ln dt = 4L ~a~ 


or 


R t c t 


( 5 ) < 


where 0; = 0(0) = Tj - T(°°) and Tj is the initial temperature of the object. 

(b) Using the information about steady-state conditions and Eq. (2), find first the thermal resistance and 
capacitance of the system, 

1 T(oo)-T 00 (100-20)°C 


Rt ==— = ■ 


hA s E„ 60 W 


= 1.33 K/W C t =Mc = 0.31 kgx918 J/kg K = 285 J/K 


5 x60s 


1.33 K/WX285 J/K 


= 0.453 


Using Eq. (5), the temperature of the system after 5 minutes is 
0 (5min) _ T(5min)-T(°o) _ T(5min)-100°C _ 

0i Ti-T(oo) (20-100)° C P - 

T(5min) = 100°C + (20-100)°C x0.453 = 63.8°C < 

COMMENTS: Eq. 5.24 may be used directly for Part (b) with a = hA s /Mc and b =E (r /Me. 





PROBLEM 5.20 


KNOWN: Spherical coal pellet at 25°C is heated by radiation while flowing through a furnace 
maintained at f000°C. 

FIND: Length of tube required to heat pellet to 600°C. 

SCHEMATIC: 

-Goal pellef t D=lmm 


Air _ 

flow — 

Z=23°C 


h 


^2 




V- 3 m/s X i 




hV 


Tubular furnace 
at T sur = 1000°C 


2 N - T l =600°C 


ASSUMPTIONS: (1) Pellet is suspended in air flow and subjected to only radiative exchange with 
furnace, (2) Pellet is small compared to furnace surface area, (3) Coal pellet has emissivity, £ = 1. 

PROPERTIES: Table A-3, Coal (t = (600 + 25)° C/2 = 585K, however, only 300K data available p= 1350 

kg/m 3 ,c p = 1260 J/kg-K, k = 0.26 W/m-K. 

ANALYSIS: Considering the pellet as spatially isothermal, use the lumped capacitance method of 
Section 5.3 to find the time required to heat the pellet from T 0 = 25°C to Tp = 600°C. From an 
energy balance on the pellet Ej n = E st where 


giving 


Ein _ 9rad _ ^^s (E sur T s j 
(T sur — T s j = pVc 


E st = P ^ c p 


dT 

p dT' 



Separating variables and integrating with limits shown, the 
temperature-time relation becomes 

T, 


A s CT ft 


1>=L 


dT 


pVc p J 0 J To T s 4 ur -T 4 
The integrals are evaluated in Eq. 5.18 giving 
PV c p 


t = 


4A s C7T s 3 ur 


In 


T +T 
x sur ^ 1 


T -T 
x sur 1 


-In 


T +T- 
x sur ^ A i 


T -T 
*sur 1 i 


+ 2 


tan" 


l sur 


-tan" 


Ti 


‘Sill' 


2 3 

Recognizing that A s = 7tD and V = 7tD /6 or A s /V = 6/D and substituting values, 

1350 kg/m 3 (0.001 m)1260 J/kg -K 1273 + 873 ^ 1273 + 298 


-ln- 


24x5.67xl0" 8 W/m 2 -K 4 (l273 K) 3 ' 1273-873 1273-298 


+2 


tan 


-1 


873 

1273 


A 


-tan 


298 

J273 / 


:1.18S. 


Hence, 


L = V-t = 3m/sxl.l8s = 3.54m. 


The validity of the lumped capacitance method requires Bi = h( V /A s )k <0.1. Using Eq. (1.9) for h 

h r and V /A s = D/6, find that when T = 600°C, Bi = 0.19: but when T = 25°C, Bi = 0.10. At early 
times, when the pellet is cooler, the assumption is reasonable but becomes less appropriate as the 
pellet heats. 



PROBLEM 5.21 


KNOWN: Metal sphere, initially at a uniform temperature Tj, is suddenly removed from a furnace and 
suspended in a large room and subjected to a convection process (T M , h) and to radiation exchange with 
surroundings, T sur . 

FIND: (a) Time it takes for sphere to cool to some temperature T, neglecting radiation exchange, (b) 
Time it takes for sphere to cool to some temperature t, neglecting convection, (c) Procedure to obtain 
time required if both convection and radiation are considered, (d) Time to cool an anodized aluminum 
sphere to 400 K using results of Parts (a), (b) and (c). 


SCHEMATIC: 


Air 

7T 

h = 10W/m 2 -K 
7*,= 300 K 


Tsur ~ 300 K 



Aluminum sphere, T(t) 
D = 50 mm, T = 800 


ASSUMPTIONS: (1) Sphere is spacewise isothermal, (2) Constant properties, (3) Constant heat 
transfer convection coefficient, (4) Sphere is small compared to surroundings. 


PROPERTIES: Table A-l , Aluminum, pure (T = [800 + 400] K/2 = 600 K): p = 2702 kg/m 3 , c = 1033 
J/kg-K, k = 231 W/m-K, a = k/pc = 8.276 x 10 5 m 2 /s; Aluminum, anodized finish: £ = 0.75, polished 
surface: £ = 0.1. 


ANALYSIS: (a) Neglecting radiation, the time to cool is predicted by Eq. 5.5, 

t = P Vc i n = ln T i- T oo 

hA s 0 6h T-T^ 

where V/A s = (7tD 3 /6)/(7tD 2 ) = D/6 for the sphere. 


(D< 


(b) Neglecting convection, the time to cool is predicted by Eq. 5.18, 


pDc 


24otT, 


In 


sur 


T + T 
x sur T 1 


T -T 

x sur 1 


-ln 


T + T- 

x sur T H 


T -T 

*SU1' 1 1 


+ 2 


tan 


A 


l sur 


-tan 


Ti 


l sur 


( 2 ) 


where V/A Sjr = D/6 for the sphere. 


(c) If convection and radiation exchange are considered, the energy balance requirement results in Eq. 
5.15 (with = E g = 0). Hence 


dT _ 

6 

dt 

pDc 


h (T — Tqo ) + £<7 



2 

where A s(Cir) = A s = 7tD” and V/A s(CiI) = D/6, 
the time-to-cool. 


-t; 


sur 


(3) < 


This relation must be solved numerically in order to evaluate 


(d) For the aluminum (pure) sphere with an anodized finish and the prescribed conditions, the times to 
cool from T, = 800 K to T = 400 K are: 


Continued... 



PROBLEM 5.21 (Cont.) 


Convection only, Eq. (1) 

t _ 2702kg/m 3 x 0,050mx 1033 J/kg ■ K 800-300 _ 3?43s _ ] ()4h 


6xlOW/ m K 


400-300 


Radiation only, Eq. (2) 


2702 kg/m^x 0.050 mx 1033 J/kg-K 
24x 0.75x 5.67 x 10~ 8 w/m 2 ■ K 4 x (300 K) 3 

2 


. 400 + 300 , 800 + 300 
In-In- 


400-300 


800-300 


+ 


_1 400 _i 800 
tan-tan 


300 


300 


t = 5.065X10 3 {1.946-0.789 + 2(0.927 -1.212)}= 2973s = 0.826h 

Radiation and convection, Eq. (3) 


Using the IHT Lumped Capacitance Model, numerical integration yields 

t = 1600s = 0.444h 

In this case, heat loss by radiation exerts the stronger influence, although the effects of convection are by 
no means negligible. However, if the surface is polished (£ = 0.1), convection clearly dominates. For 
each surface finish and the three cases, the temperature histories are as follows. 



Time, t(s) 


—e— h = 10 W/m A 2.K, eps = 0.75 
—a— h = 0, eps = 0.75 

—B— h = 10 W/m A 2.K, eps = 0 



o h = 10 W/m A 2.K, eps = 0.1 
a h = 10 W/ m A 2.K, eps = 0 
—B— h = 0, eps = 0.1 


COMMENTS: 1. A summary of the analyses shows the relative importance of the various modes of 
heat loss: 


Active Modes 

Time required to cool to 400 K (h) 

£ = 0.75 

£ = 0.1 

Convection only 

1.040 

1.040 

Radiation only 

0.827 

6.194 

Both modes 

0.444 

0.889 


2. Note that the spacewise isothermal assumption is justified since Be « 0.1. For the convection-only 
process, 

Bi = h(r 0 /3)/k = 10 W/m 2 K (0.025 m/3)/231 W/m-K = 3.6 x 10' 4 





PROBLEM 5.22 


KNOWN: Droplet properties, diameter, velocity and initial and final temperatures. 
FIND: Travel distance and rejected thermal energy. 


SCHEMATIC: 





JCnJector 


\yrj--SOOK V= O.l m/s i 

i 6+) -> i Collechor 

! Droplet ;— 


%u.r = OX "- 1 £> = aSmm f 


7 Z-300K 



ASSUMPTIONS: (1) Constant properties, (2) Negligible radiation from space. 

PROPERTIES: Droplet (given): p = 885 kg/m 3 , c = 1900 J/kg-K, k = 0.145 W/m-K, 8 = 0.95. 

ANALYSIS: To assess the suitability of applying the lumped capacitance method, use Equation 1.9 
to obtain the maximum radiation coefficient, which corresponds to T = Tj. 

h r = 8oT 3 = 0.95x5.67xl0 _8 W/m 2 ■ K 4 (500 K) 3 = 6.73 W/m 2 -K. 


Hence 


Bi r 


h r (r 0 /3) 


( 6 .-. 


:)(o. 


73 W/m z -K 0.25xl0 _J m/3 


= 0.0039 


k 0.145 W/m-K 

and the lumped capacitance method can be used. From Equation 5.19, 


t ■ 


L = 


l pt d " /6 ; j__j_ 

V ~ 3e (tt D 2 )ct T f ~ if ^ 

(0.1 m/s)885 kg/m 3 (1900 J/kg-K)0.5xl0 -3 m 


18x0.95x5.67xl0" 8 W/m 2 ■ K 4 


300 3 500 3 


K 


L= 2.52 m. < 

The amount of energy rejected by each droplet is equal to the change in its internal energy. 

(5xl0 -4 mj 

Ej -E f = pVc(Tj -T f ) =885 kg/m 3 7t -^-1900 J/kg K(200 K) 


Ei-Ef =0.022 J. < 

COMMENTS: Because some of the radiation emitted by a droplet will be intercepted by other 
droplets in the stream, the foregoing analysis overestimates the amount of heat dissipated by radiation 
to space. 



PROBLEM 5.23 


KNOWN: Initial and final temperatures of a niobium sphere. Diameter and properties of the sphere. 
Temperature of surroundings and/or gas flow, and convection coefficient associated with the flow. 

FIND: (a) Time required to cool the sphere exclusively by radiation, (b) Time required to cool the 
sphere exclusively by convection, (c) Combined effects of radiation and convection. 

SCHEMATIC: 


Tj = 900°C 
T f = 300°C J 


= 25°C 


Inert gas 

Tqo = 25°C 
h = 200 W/m 2 -K 



Niobium 

p = 8600 kg/m 3 
c = 290 J/kg-K 
k = 63 W/m-K 
e = 0.1 or 0.6 

D = 10 mm 


ASSUMPTIONS: (1) Uniform temperature at any time, (2) Negligible effect of holding mechanism 
on heat transfer, (3) Constant properties, (4) Radiation exchange is between a small surface and large 
surroundings. 

ANALYSIS: (a) If cooling is exclusively by radiation, the required time is determined from Eq. 
(5.18). With V - tiD 3 /6, A sr - tiD 2 , and e = 0.1, 


8600 kg/m 3 (290J/kg K)0.01m 
24(0.1)5.67 x 10~ 8 W / m 2 ■ K 4 (298K) 


L 

298 + 573 

-In 

298 + 1173 

298-573 

298-1173 

1 



+2 


tan 


f 573 ^ 


v 298 j 


-tan 


1173 

”298~ 


t = 6926s{l.153-0.519 + 2(1.091-1.322)} = 1190s 

If £ = 0.6, cooling is six times faster, in which case, 
t = 199s 

(b) If cooling is exclusively by convection, Eq. (5.5) yields 


pc D 

t = ——In 
6h 


Tj -Too 
Tf - Too 


\ 


8600 kg/m 3 (290J/kg K)0.010m i 
1200W/m 2 K 


6=o.i) 

< 

(e = 0.6) 

< 

, (875 ^ 
In - 

275 
V z,/J / 



t = 24.1s 

(c) With both radiation and convection, the temperature history may be obtained from Eq. (5.15). 
dT 

dT 

Integrating numerically from Tf = 1173 K at t = 0 to T = 573K, we obtain 
t = 21.0s 


p(;rD 3 /6)c — = -;rD 2 h (T - T*,)+ ea (t 4 -T 4 ur ) 


Continued 



































PROBLEM 5.23 (Cont.) 


Cooling times corresponding to representative changes in £ and h are tabulated as follows 


h(W/m 2 K) 1 

200 

200 

20 

500 

£ 1 

0.6 

1.0 

0.6 

0.6 

t(s) 1 

21.0 

19.4 

102.8 

9.1 


For values of h representative of forced convection, the influence of radiation is secondary, even for a 
maximum possible emissivity of 1.0. Hence, to accelerate cooling, it is necessary to increase h. 

However, if cooling is by natural convection, radiation is significant. For a representative natural 

2 

convection coefficient of h = 20 W/m K, the radiation flux exceeds the convection flux at the surface 
of the sphere during early to intermediate stages of the transient. 



—s— Convection flux (h=20 W/m n 2.K) 
—a— Radiation flux (eps =0.6) 


COMMENTS: (1) Even for h as large as 500 W/m 2 K, Bi = h (D/6)/k = 500 W/m 2 -K (0.01m/6)/63 
W/m-K = 0.013 <0.1 and the lumped capacitance model is appropriate. (2) The largest value of h r 
corresponds to Tj =1173 K, and for £ = 0.6 Eq. (1.9) yields h f = 0.6 x 5.67 X 10" 8 W/m 2 -K 4 (1173 + 
298)K (1173 2 + 298 2 )K 2 = 73.3 W/m 2 K. 





PROBLEM 5.24 


KNOWN: Diameter and thermophysical properties of alumina particles. Convection conditions 
associated with a two-step heating process. 

FIND: (a) Time-in-flight (t;. f ) required for complete melting, (b) Validity of assuming negligible 
radiation. 


SCHEMATIC: 



h = 3x10 4 W/m 2 *K 
T 00 = 10,000 K 


Al 2 0 3 sphere, D p = 50 pm, 

Tj = 300 K, Ap=10.5 W/m-K, 

Pp = 3970 kg/m 3 , c p = 1560 J/kg-K, 
T mp = 2318 K, h sf = 3577 kJ/kg 


cow 


ASSUMPTIONS: (1) Particle behaves as a lumped capacitance, (2) Negligible radiation, (3) Constant 
properties. 


ANALYSIS: (a) The two-step process involves (i) the time 0 to heat the particle to its melting point and 
(ii) the time t 2 required to achieve complete melting. Hence, t, f = t| + t 2 , where from Eq. (5.5), 


_ Pp Vc p ln flj _ Pp D p c p ln Tj -Tqq 
1 hA s e 6h Tmp-Too 


h = 


3 9 70k g /m3(50x 1 0^m) 15 60 J / k g.K pOO-.O.OOO) 


•( 


6 30,000 W/ m -K 


) 


(2318-10,000) 


= 4x10 


-4, 


Performing an energy balance for the second step, we obtain 


f t l+ t 2 

Jti 


Oconydt — AE st 


where q conv = hA,(T t „ - T mp ) and AE st = p p Vh sf . Hence, 


t _ />p ri P h s f _ 3970kg/m3 ( 50x10 6m )„ 3.577xl0 6 J/kg 
' 2 “ 6h ( Too -T mp ) _ 6 (30.000 w/m 2 K) X (10.000-2318)K 

Hence tj_f = 9xl0 _4 s ~ lms 


5x10“ 4 s 


< 


(b) Contrasting the smallest value of the convection heat flux, q^. onv mm = h (t^ -T mp ) = 2.3x 10 8 W/m 2 

„ / 4 4 \ 5 2 

to the largest radiation flux, q rac j max = e<J I T m p -T sur 1 = 6.5 x 10 W/m”, we conclude that radiation 
is, in fact, negligible. 


COMMENTS: (1) Since Bi = (hrp/3)/k ~ 0.05, the lumped capacitance assumption is good. (2) In an 
actual application, the droplet should impact the substrate in a superheated condition (T > T mp ), which 
would require a slightly larger t i f . 



PROBLEM 5.25 


KNOWN: Diameters, initial temperature and thermophysical properties of WC and Co in composite 
particle. Convection coefficient and freestream temperature of plasma gas. Melting point and latent 
heat of fusion of Co. 

FIND: Times required to reach melting and to achieve complete melting of Co. 


SCHEMATIC: 


D 0 = 20 pm 
Dj = 16 pm 


‘Plasmajgas) 

10,000 K 


h = 20,000 W/m 2 -K 



Tungsten carbide 
Pc = 16,000 kg/m 3 
c c = 300 J/kg-K 

Cobalt 

p s = 8900 kg/m 3 
c s = 750 J/kg-K 
T mp = 1770 K 


h sf = 2.59x10 5 J/kg 

ASSUMPTIONS: (1) Particle is isothermal at any instant, (2) Radiation exchange with surroundings 
is negligible, (3) Negligible contact resistance at interface between WC and Co, (4) Constant 
properties. 

ANALYSIS: From Eq. (5.5), the time required to reach the melting point is 

(pv c), 

'1 = 


'tot 


In 


h/rDr 


T -T 

Aj Aoo 

T -T 

A mp x oo 


where the total heat capacity of the composite particle is 

(P vc ) tot =(pVc) c +(pVc) s =16,OOOkg/m 3 


71 


2 

(l.6xl0” 5 m) /6 


300J/kgK 


+8900 kg/ nr 3 \k!6 


(2.0xl0~ 5 m) 3 -(l.6xl0” 5 m)~ 




J 


750J/kg-K 


; ) 


03x10”° +1.36x10“° J/K = 2.39x10”°J/K 




2.39x10“° J/K 


(20,000W/m 2 -K)7r(2. 


-In 


(300-10,000) K _ 


_ 5 \2 (1770-10,000) K 


56x10 s 


0xl0” J m) 


The time required to melt the Co may be obtained by applying the first law, Eq. (1.1 lb) to a control 
surface about the particle. It follows that 

Ejn = h/rD 0 — T m p )t2 = AE st = p s (n /6)|d o — D. jh s f 


8900kg/m 3 (n/6) 


l 2 ~ 


^2x10 5 mj -^1.6x10 5 mj 3 


2.59x10 J/kg 


(20,000 W / m 2 • K j ^ (2 x 10 5 m j 2 (10,000 -1770) 


= 2.28x10 5 s 


K 


COMMENTS: (1) The largest value of the radiation coefficient corresponds to h r = eg (T mp + T sur ) 
( T mp + 4 sli r) ■ kor the maximum possible value of £ = 1 and T sur = 300K, h r = 378 W/m 2 -K « h = 

2 

20,000 W/m K. Hence, the assumption of negligible radiation exchange is excellent. (2) Despite the 
large value of h, the small values of D 0 and Dj and the large thermal conductivities (~ 40 W/m-K and 
70 W/m-K for WC and Co, respectively) render the lumped capacitance approximation a good one. 

(3) A detailed treatment of plasma heating of a composite powder particle is provided by Demetriou, 
Lavine and Ghoniem (Proc. 5 th ASME/JSME Joint Thermal Engineering Conf., March, 1999). 



PROBLEM 5.26 


KNOWN: Dimensions and operating conditions of an integrated circuit. 
FIND: Steady-state temperature and time to come within 1°C of steady-state. 

SCHEMATIC: 



Chip, ^xlO^Wfm^ 

L~Smm t t*lmm 


ASSUMPTIONS: (1) Constant properties, (2) Negligible heat transfer from chip to substrate. 
PROPERTIES: Chip material (given): p = 2000 kg/m 3 , c = 700 J/kg-K. 

ANALYSIS: At steady-state, conservation of energy yields 

- E ou t + Eg = 0 

-h(L 2 )(T f -T oo )+q(L 2 t) = 0 

Tf = + — 

h 

T f =20 o C + 9Xl ° 6w/m3 * ft001m =80°C. 

150 W/m-K 


From the general lumped capacitance analysis, Equation 5.15 reduces to 
p(L 2 t)c^ = q(L 2 t)-h(T- To)L 2 . 


With 


a = 


150 W/m z ■ K 


P tc (2000kg/m 3 )(0.001 m)(700 J/kg-K) 


-0.107 s' 


_ q _ 


9xl0 6 W/m 3 


= 6.429 K/s. 


P c (2000 kg/m 3 )(700 J/kg- K) 

From Equation 5.24, 

, , T-Too-b/a (79 - 20-60) K nni ^ 

exp (-at) =-—-= - --— = 0.01667 

T-Too-b/a (20-20-60)K 

In (0.01667) 


t = - 


: 38.3 s. 


0.107 s' 


< 


COMMENTS: Due to additional heat transfer from the chip to the substrate, the actual values of 
Tf and t are less than those which have been computed. 




PROBLEM 5.27 


KNOWN: Dimensions and operating conditions of an integrated circuit. 
FIND: Steady-state temperature and time to come within 1°C of steady-state. 

SCHEMATIC: 


q=‘2xlO t ’W/in 3 ) L=5mm , i’-lTnm 



Subs~hr3rte 


Chip, 


To 




R+ ; 2 F 0 fJ w m TT7}-. 

R+c ^cond R-conv 


ASSUMPTIONS: (1) Constant properties. 

PROPERTIES: Chip material (given): p = 2000 kg/m 3 , c p = 700 J/kg-K. 

ANALYSIS: The direct and indirect paths for heat transfer from the chip to the coolant are in 
parallel, and the equivalent resistance is 


R 


equiv 


hL 2 +R^ 


-1 r 


( 3 - 


75x10 3 +5x10 3 W/K 


i-l 


114.3 K/W. 


The corresponding overall heat transfer coefficient is 

u jRequ.vf^ 0.00875 W/K =350w/m2K 
L 2 (0.005 m)^ 


To obtain the steady-state temperature, apply conservation of energy to a control surface about 
the chip. 

-E out + E g = 0 - UL 2 (T f - T^) + q (l 2 ■ t) = 0 

T f =T m + —= 20°C+ ^ Xl °^* W/m 3 x0.001m = » < 

U 350 W/m 2 ■ K 

From the general lumped capacitance analysis, Equation 5.15 yields 
p(L 2 t)c^ = q(L 2 t)-U(T-T 00 )L 2 . 

With 


U 


350 W/m z ■ K 


P tc (2000 kg/m 3 )(0.001 m)(700 J/kg-K) 
q 9xl0 6 W/m 3 


= 0.250 s' 


p c 


(2000kg/m 3 )(700 J/kg-K) 


: 6.429 K/s 


Equation 5.24 yields 


ex 


p(-at) 


T -Tqq ~b/a _ (44.7-20-25.7)K 
Ti-Too-b/a - (20-20-25.7)K 
-1 


0.0389 


t = -ln(0.0389)/0.250 s' 1 =13.0 s. 


< 


COMMENTS: Heat transfer through the substrate is comparable to that associated with 
direct convection to the coolant. 




PROBLEM 5.28 


KNOWN: Dimensions, initial temperature and thermophysical properties of chip, solder and 
substrate. Temperature and convection coefficient of heating agent. 

FIND: (a) Time constants and temperature histories of chip, solder and substrate when heated by an 
air stream. Time corresponding to maximum stress on a solder ball, (b) Reduction in time associated 
with using a dielectric liquid to heat the components. 

SCHEMATIC: 



Solder ball 

D = 0.002 mm 
p sd = 11,000 kg/m 3 
c S d = 130 J/kg-K 

Substrate 

p S b = 4000 kg/m 3 
c sb = 770 J/kg-K 


ASSUMPTIONS: (1) Lumped capacitance analysis is valid for each component, (2) Negligible heat 
transfer between components, (3) Negligible reduction in surface area due to contact between 
components, (4) Negligible radiation for heating by air stream, (5) Uniform convection coefficient 
among components, ( 6 ) Constant properties. 

ANALYSIS: (a) FromEq. (5.7), r t = (pVc)/hA 

Chip : V = ^ h )t ch =(0.015m) 2 (0.002m) = 4.50xl0“ 7 m 3 ,A s = ^2L 2 h + 4L ch t ch j 

= 2 (0.015m)“ + 4 (0.015m) 0.002m = 5.70xl0 _4 m 2 

2300kg/m 3 x4.50xl0~ 7 m 3 x710 J/kg-K ^ 0 . 

T t =- 2 -ZI 2 - = 25 ‘ 8S < 

50W/m 2 ■ Kx 5.70x10 4 m z 


Solder : V = 7 tD 3 16 = n (0.002m) 3 16 = 4.19x10 9 m 3 ,A s = ;rD 2 = ;r(0.002m) 2 = 1.26x10“ 

_ ll,000kg/m 3 x4.19xl0~ 9 m 3 xl30J/kgK _ 

' 50W/m 2 Kxl.26xl0~ 5 m 2 

Substrate : V = ^L 2 b t sb ) = (0.025m) 2 (0.01m) = 6.25xl0 _6 m 3 , A s = L 2 b = (0.025m) 2 = 6.25xl0 _4 r 

4000kg/m 3 x6.25xl0~ 6 m 3 x770J/kg-K ^ n 

T t =---2-ZZ o- = 616 ' 0s 

50W/m 2 Kx6.25x10 4 m 2 


Substituting Eq. (5.7) into (5.5) and recognizing that (T - Ti)/(Too - T;) = 1 - (0/60, in which case (T - 

Ti)/(Too -Tj) = 0.99 yields 0/0j = 0.01, it follows that the time required for a component to experience 
99% of its maximum possible temperature rise is 
to 99 =Tln(0j/0) = Tln(lOO) = 4.6lT 

Hence, 

Chip : t = 118.9s, Solder. t = 43.8s, Substrate: t = 2840 < 

Continued. 




PROBLEM 5.28 (Cont.) 


Histories of the three components and temperature differences between a solder ball and its adjoining 
components are shown below. 




Commensurate with their time constants, the fastest and slowest responses to heating are associated 
with the solder and substrate, respectively. Accordingly, the largest temperature difference is between 
these two components, and it achieves a maximum value of 55°C at 

t (maximum stress) ~ 40s < 

(b) With the 4-fold increase in h associated with use of a dielectric liquid to heat the components, the 
time constants are each reduced by a factor of 4, and the times required to achieve 99% of the 
maximum temperature rise are 

Chip: t = 29.5s, Solder : t = 11.0s, Substrate : t = 708s < 

The time savings is approximately 75%. 

COMMENTS: The foregoing analysis provides only a first, albeit useful, approximation to the 
heating problem. Several of the assumptions are highly approximate, particularly that of a uniform 
convection coefficient. The coefficient will vary between components, as well as on the surfaces of 
the components. Also, because the solder balls are flattened, there will be a reduction in surface area 
exposed to the fluid for each component, as well as heat transfer between components, which reduces 
differences between time constants for the components. 




PROBLEM 5.29 


KNOWN: Electrical transformer of approximate cubical shape. 32 mm to a side, dissipates 4.0 W 

9 

when operating in ambient air at 20°C with a convection coefficient of 10 W/m K. 


FIND: (a) Develop a model for estimating the steady-state temperature of the transformer, T(°°), and 
evaluate T(°°), for the operating conditions, and (b) Develop a model for estimating the temperature¬ 
time history of the transformer if initially the temperature is Tj = Too and suddenly power is applied. 
Determine the time required to reach within 5°C of its steady-state operating temperature. 


SCHEMATIC: 


Transformer model 
32-mm cubical shape 
M = 0.28 kg 
c = 400 J/kg-K 




T(0) = T| = 20°C 
P e = 4.0 W 


Bottom side 
insulated 


CVs for 

(a) steady-state and 


■ TH, P e = 4 W 


T(t), P e , E st 


* 


(b) transient conditions W/A'/7//a 


ASSUMPTIONS: (1) Transformer is spatially isothermal object, (2) Initially object is in equilibrium 
with its surroundings, (3) Bottom surface is adiabatic. 


ANALYSIS: (a) Under steady-state conditions, for the control volume shown in the schematic above, 
the energy balance is 


Ein E ou t+Eg en —0 0 0cv~*"Pe — hA s [T(°°) TooJ + Pg — 0 (1) 

where A s = 5 x L” = 5 x 0.032m x 0.032m = 5.12 x 10 3 trf, find 


T(oo) = T 00 +P e /hA s =20°C + 4W/(l0 W/m 2 ■ Kx5.12xl0~ 3 m 2 ) = 98.1°C < 


(b) Under transient conditions, for the control volume shown above, the energy balance is 
Ejn — E out + Eg en = E st 0 — q cv + P e = Me -j— 

Substitute from Eq. (1) for P e , separate variables, and define the limits of integration. 
-h[T(t)-T 00 ] + h[T(oo)-T 00 ] = Mc^ 


( 2 ) 


-h[T(t)-T(oo)] = Mc-(T-T(oo)) 


h 

Me JO 


Jo J ft 


0n d G 


e 


where 0 = T(t) - T(°°); 0j = Tj - T(°°) = T^ - T(°°); and 0 O = T(t 0 ) - T(°°) with t 0 as the time when 0 O = 
- 5°C. Integrating and rearranging find (see Eq. 5.5), 


*o — 


Mc ^ ^ 


-In — 

's e o 


0.28 kgx400 J/kg-K (20-98.l)°C _ . 


10 W/m 2 Kx5.12xlO _3 m 2 ~ 5 °C 


67 hour 


COMMENTS: The spacewise isothermal assumption may not be a gross over simplification since 
most of the material is copper and iron, and the external resistance by free convection is high. 

However, by ignoring internal resistance, our estimate for t G is optimistic. 










PROBLEM 5.30 


KNOWN: Series solution, Eq. 5.39, for transient conduction in a plane wall with convection. 

FIND: Midplane (x*=0) and surface (x*=l) temperatures 0* for Fo=0.1 and 1, using Bi=0.1, 1 and 10 
with only the first four eigenvalues. Based upon these results, discuss the validity of the approximate 
solutions, Eqs. 5.40 and 5.41. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional transient conduction, (2) Constant properties. 

ANALYSIS: The series solution, Eq. 5.39a, is of the form, 

o° 

0*= E C n ex P (-Cn Fo ) cos (U x *) 

n=l 

where the eigenvalues, C , n , and the constants, C n , are from Eqs. 5.39b and 5.39c. 

Cn tan Cn = Bi C n =4sin C n /( 2 C n + sin ( 2 Cn))- 
The eigenvalues are tabulated in Appendix B.3; note, however, that 'Q \ and Ci are available from Table 5.1. 
The values of ‘Q n and C n used to evaluate 0* are as follows: 


Bi 

Cl 

c, 

C2 

c 2 

C3 

c 3 

u 

c 4 

0.1 

0.3111 

1.0160 

3.1731 

-0.0197 

6.2991 

0.0050 

9.4354 

- 0.0022 

1 

0.8603 

1.1191 

3.4256 

-0.1517 

6.4373 

0.0466 

9.5293 

-0.0217 

10 

1.4289 

1.2620 

4.3058 

-0.3934 

7.2281 

0.2104 

10.2003 

-0.1309 


Using and C n values, the terms of 0 , designated as 0| , 02 , ©3 and © 4 , are as follows: 


Fo=0.1 




Bi=0.1 


Bi=1.0 


Bi=10 

X* 

0 

1 

0 

1 

0 

1 

„ * 

01 

1.0062 

0.9579 

1.0393 

0.6778 

1.0289 

0.1455 

„ * 

0 2 

-0.0072 

0.0072 

-0.0469 

0.0450 

-0.0616 

0.0244 

„ * 

e 3 

0.0001 

0.0001 

0.0007 

0.0007 

0.0011 

0.0006 

„ * 

0 4 

-2.99xl0" 7 

3.00X10" 7 

2.47xl0" 6 

2.46xl0" 7 

-3.96xl0" 6 

2.83xl0" 6 

0 * 

0.9991 

0.9652 

0.9931 

0.7235 

0.9684 

0.1705 


Continued 








PROBLEM 5.30(Cont.) 





Fo= 

:1 





Bi=0.1 


Bi=1.0 


Bi=10 

X* 

0 

1 

0 

1 

0 

1 

„ * 

e l 

0.9223 

0.8780 

0.5339 

0.3482 

0.1638 

0.0232 

„ * 

e 2 

8.35xl0" 7 

8.35xl0" 7 

-1.22xl0" 5 

1.17xl0" 6 

3.49xl0" 9 

1.38X10' 9 

„ * 

e 3 

7.04x10 20 

- 

4.70xl0" 20 

- 

4.30xl0" 24 

- 

„ * 

0 4 

4.77xl0" 42 

- 

7.93xl0" 42 

- 

8.52xl0" 47 

- 

0 * 

0.9223 

0.8780 

0.5339 

0.3482 

0.1638 

0.0232 




\ 





* * / * \ 

The tabulated results for0 =0 x , Bi, Fo I demonstrate that for Fo=l, the first eigenvalue is sufficient to 


accurately represent the series. However, for Fo=0.1, three eigenvalues are required for accurate 
representation. 

A more detailed analysis would show that a practical criterion for representation of the series solution by one 
eigenvalue is Fo>0.2. For these situations the approximate solutions, Eqs. 5.40 and 5.41, are appropriate. 
For the midplane, x*=0, the first two eigenvalues for Fo=0.2 are: 


Fo=0.2 x*=0 


Bi 

0.1 

1.0 

10 

„ * 

e l 

0.9965 

0.9651 

0.8389 

„ * 

0 2 

-0.00226 

-0.0145 

-0.0096 

0 * 

0.9939 

0.9506 

0.8293 

Error, % 

+0.26 

+1.53 

+1.16 


The percentage error shown in the last row of the above table is due to the effect of the second term. For 
Bi=0.1, neglecting the second term provides an error of 0.26%. For Bi=l, the error is 1.53%. 

Hence we conclude that the approximate series solutions (with only one eigenvalue) provides systematically 
high results, but by less than 1.5%, for the Biot number range from 0.1 to 10. 






PROBLEM 5.31 


KNOWN: One-dimensional wall, initially at a uniform temperature, Tj, is suddenly exposed to a 
convection process (Too, h). For wall #1, the time (t i = 100s) required to reach a specified 
temperature at x = L is prescribed, T(L|, t|) = 315°C. 


FIND: For wall #2 of different thickness and thermal conditions, the time, t 2 , required for T(L 2 , t2) 
= 28°C. 

SCHEMATIC: 

T(L x ,W0s)=315°C 
T(L z ,+ z )=2a.S°C 

t-»-x L. 


17 x^ 0 )^- 

To./, t T T 


s- 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties. 
ANALYSIS: The properties, thickness and thermal conditions for the two walls are: 


Wall 

F(m) 

a(m /s) 

k(W/mK) 

Ti(°C) 

To.CC) 

h(W/m K) 

1 

0.10 

15x10 6 

50 

300 

400 

200 

2 

0.40 

25x10 6 

100 

30 

20 

100 


The dimensionless functional dependence for the one-dimensional, transient temperature distribution, 
Eq. 5.38, is 


0 = 


T(x,t) -Tp, 
Tj - Too 


= f x , Bi, Fo 


where 


x = x/L 


Bi = hL/k 


Fo = at/L i '. 


If the parameters x*. Bi, and Fo are the same for both walls, then Of = 02. Evaluate these 
parameters: 


Wah 

1 

2 

where 

* _ 315-400 

1 _ 300-400 
It follows that 

F02 = Fcq 


x* _Bi_ Fo 

1 0.40 0.150 

1 0.40 1.563xl0" 4 1 2 

0.85 0| = 28.5-20 =()8g 

30-20 


1.563xl0' 4 t 2 =0.150 


0 * 

0.85 

0.85 


t 2 =960s. 


< 



PROBLEM 5.32 


KNOWN: The chuck of a semiconductor processing tool, initially at a uniform temperature of Tj = 
100°C, is cooled on its top surface by supply air at 20°C with a convection coefficient of 50 W/irf-K. 

FIND: (a) Time required for the lower surface to reach 25°C, and (b) Compute and plot the time-to-cool 
as a function of the convection coefficient for the range 10 < h < 2000 W/m" K; comment on the 
effectiveness of the head design as a method for cooling the chuck. 

SCHEMATIC: 

j Air supply, 7^= 20°C 



ASSUMPTIONS: (1) One-dimensional, transient conduction in the chuck, (2) Lower surface is 
perfectly insulated, (3) Uniform convection coefficient and air temperature over the upper surface of the 
chuck, and (4) Constant properties. 

PROPERTIES: Table A.l, Aluminum alloy 2024 ((25 + 100)°C / 2 = 335 K): p = 2770 kg/m 3 , c p = 
880 J/kg- K, k = 179 W/m-K. 

ANALYSIS: (a) The Biot number for the chuck with h = 50 W/rrf-K is 

hL= j0W 5 AKxa^m = 

k 179 W/m- K 

so that the lumped capacitance method is appropriate. Using Eq. 5.5, with V/A s = L, 
oVc 8- 

1 = — ln 7T 0 = T-T oo 0i=T i -T oo 

hA s 0 

t = (2770kg/m 3 x0.025mx880J/kg ■ k/ 50w/m 2 ■ kW ( 10Q ~ 2Q ) C 
V ’ (25-20)° C 


t = 3379s = 56.3min 


< 


Continued... 





PROBLEM 5.32 (Cont.) 


(b) When h = 2000 W/m 2 K, using Eq. (1), find Bi = 0.28 > 0.1 so that the series solution, Section 5.51, 
for the plane wall with convection must be used. Using the IHT Transient Conduction , Plane Wall 
Model , the time-to-cool was calculated as a function of the convection coefficient. Free convection 
cooling conduction corresponds to h ~ 10 W/m“K and the time-to-cool is 282 minutes. With the cooling 
head design, the time-to-cool can be substantially decreased if the convection coefficient can be 
increased as shown below. 





PROBLEM 5.33 

KNOWN: Configuration, initial temperature and charging conditions of a thermal energy storage unit. 

FIND: Time required to achieve 75% of maximum possible energy storage and corresponding 
minimum and maximum temperatures. 


SCHEMATIC: 


T„.6ocrc\ T 

h’lOOWjmlK j 
L- 0 . 025 m - 


tt 


Masonry 
p - 1900 kg 
c.-Q OOJfkg ■ K 
k-0.7 W/m-K 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Negligible radiation 
exchange with surroundings. 

ANALYSIS: For the system, find first 

hL 100W/m 2 Kx0.025m 

Bt = — =-=3.57 

k 0.7 W/m - K 

indicating that the lumped capacitance method cannot be used. 


Groeber chart, Fig. D.3: Q/Qo = 0.75 

k 0.7 W/m K 

cc=-=- - - 

P c 1900 kg/nr x800 J/kg ■ K 


4.605xlO -7 m 2 /s 


2 h 2 a t (l00W/m 2 K)“x(4.605xl0 _7 m 2 /s)xt(s) 
k 2 (0.7 W/m K) 2 

2 

Find Bi Fo ~ 11, and substituting numerical values 


t = 11/9.4x10' 3 = 1170s. 


9.4xl0 _3 t 


Heisler chart, Fig. D.l: T m j n is at x = 0 and T max at x = L, with 

c at 4.605 xl0 _7 m 2 /sxl 170 s „.-i AOO 

Fo = —r- =---= 0.86 Bt =0.28. 

L 2 (0.025m) 

From Fig. D.l, 0 q ~ 0.33. Hence, 

T 0 - Too + 0.33(Ti -^) = 600°C+0.33(-575°c)=410°C = T min . 

From Fig. D.2, 0/0 o = 0.33 at x = L, for which 

T x = l - ^ + 0.33 (T 0 - ^) = 600° C+0.33(-190)°C=537°C = T max . 


< 

< 


COMMENTS: Comparing masonry (m) with aluminum (Al), see Problem 5.10, (Pc)a 1 > (pc) m and 

k ,\| > k ni . Hence, the aluminum can store more energy and can be charged (or discharged) more 
quickly. 



PROBLEM 5.34 


KNOWN: Thickness, properties and initial temperature of steel slab. Convection conditions. 
FIND: Heating time required to achieve a minimum temperature of 550°C in the slab. 
SCHEMATIC: 


Combustiorr 
gases 


Tqq = 800°C 
h = 250 W/m 2 -K 


Steel, Tj = 200°C 
p = 7830 kg/m 3 
c = 550 J/kg-K 
k = 48 W/m-K 



L = 


0.05 m 


t h 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Negligible radiation effects, (3) Constant 
properties. 

ANALYSIS: With a Biot number of hL/k = (250 W/m 2 -K x 0.05m)/48 W/m-K = 0.260, a lumped 
capacitance analysis should not be performed. At any time during heating, the lowest temperature in 
the slab is at the midplane, and from the one-term approximation to the transient thermal response of a 
plane wall, Eq. (5.41), we obtain 


a* _ T 0 
u o 


I (550-800) °C 


Tj - Lx, (200-800) °C 


= 0.417 =Q exp (-£i 2 Fo) 


With ~ 0.488 rad and Cj ~ 1.0396 from Table 5.1 and a = k/pc = 1.115x10 5 m 2 /s, 

-£ 2 (at /L 2 ) = In (0.401) = -0.914 

0.914 L 2 0.841(0.05m) 2 

t =- -= -=-=— - - -= 861s < 

Cya (0.488)^ 1.115xl0 _5 m 2 /s 

COMMENTS: The surface temperature at t = 861s may be obtained from Eq. (5.40b), where 
0* = 6* cos (f jX* j = 0.417 cos (0.488 rad ) = 0.368. Hence, T (L, 792s ) = T s = T^ + 0.368 (Tj - T^ ) 

= 800°C - 221°C = 579°C. Assuming a surface emissivity of £ = 1 and surroundings that are at 
T sur = T ra = 800°C, the radiation heat transfer coefficient corresponding to this surface temperature is 

li r = t'd ('ll + T sur ) ( fT + T s 2 r j = 205 W / m° ■ K. Since this value is comparable to the convection 

coefficient, radiation is not negligible and the desired heating will occur well before t = 861s. 




PROBLEM 5.35 


KNOWN: Pipe wall subjected to sudden change in convective surface condition. See Example 5.4. 

FIND: (a) Temperature of the inner and outer surface of the pipe, heat flux at the inner surface, and 
energy transferred to the wall after 8 min; compare results to the hand calculations performed for the 
Text Example; (b) Time at which the outer surface temperature of the pipe, T(0,t), will reach 25°C; (c) 
Calculate and plot on a single graph the temperature distributions, T(x,t) vs. x, for the initial condition, 
the final condition and the intermediate times of 4 and 8 min; explain key features; (d) Calculate and 
plot the temperature-time history, T(x,t) vs. t, for the locations at the inner and outer pipe surfaces, x = 
0 and L, and for the range 0 < t < 16 min. Use the IHT I Models I Transient Conduction I Plane Wall 
model as the solution tool. 


SCHEMATIC: 


Insulation 



-20°C P = 7823 kg/m 3 
c = 434 J/kg-K 
k = 63.9 W/m-K 


Too = 60°C 
h = 500 W/m 2 -K 


ASSUMPTIONS: (1) Pipe wall can be approximated as a plane wall, (2) Constant 
properties, (3) Outer surface of pipe is adiabatic. 

ANALYSIS: The IHT model represents the series solution for the plane wall providing 
temperatures and heat fluxes evaluated at (x,t) and the total energy transferred at the inner 
wall at (t). Selected portions of the IHT code used to obtain the results tabulated below are 
shown in the Comments. 


(a) The code is used to evaluate the tabulated parameters at t = 8 min for locations x = 0 and L. 

The agreement is very good between the one-term approximation of the Example and the multiple- 
term series solution provided by the IHT model. 



Text Ex 5.4 

IHT Model 

T(L, 8min), °C 

45.2 

45.4 

T(0, 8 min), °C 

42.9 

43.1 

Q'(8 min)xl0 ^,J/m 

-2.73 

-2.72 

(L, 8 min), W/m“ 

-7400 

-7305 


(b) To determine the time t 0 for which T(0,t) = 25°C, the IHT model is solved for t 0 after setting x = 0 

and T_xt = 25°C. Find, t G = 4.4 min. < 

(c) The temperature distributions, T(x,t) vs x, for the initial condition (t = 0), final condition (t —» °°) 
and intermediate times of 4 and 8 min. are shown on the graph below. 



Wall location, x (m m ) 


—Initial condition, t = 0 

- t = 4 m in 

a t = 8 m in 

—Steady-state condition, t >30 min 


Continued 





PROBLEM 5.35 (Cont.) 


The final condition corresponds to the steady-state temperature, T (x,°°) = Too. For the intermediate 
times, the gradient is zero at the insulated boundary (x = 0, the pipe exterior). As expected, the 
temperature at x = 0 will be less than at the boundary experiencing the convection process with the hot 
oil, x = L. Note, however, that the difference is not very significant. The gradient at the inner wall, x 
= L, decreases with increasing time. 

(d) The temperature history T(x,t) for the locations at the inner and outer pipe surfaces are 
shown in the graph below. Note that the temperature difference between the two locations is 
greatest at the start of the transient process and decreases with increasing time. After a 16 
min. duration, the pipe temperature is almost uniform, but yet 3 or 4°C from the steady-state 
condition. 



-Outer surface, x = 0 

* Inner surface, x = L 


COMMENTS: (1) Selected portions of the IHT code for the plane wall model are shown below. 
Note the relation for the pipe volume, vol, used in calculating the total heat transferred per unit length 
over the time interval t. 


// Models | Transient Conduction | Plane Wall 

// The temperature distribution is 

T_xt = T_xt_trans("Plane Wall",xstar,Fo,Bi,Ti,Tinf) // Eq 5.39 
//T_xt = 25 // Part (b) surface temperature, x = 0 

// The heat flux in the x direction is 

q"_xt = qdprime_xt_trans("Plane Wall",x,L,Fo,Bi,k,Ti,Tinf) // Eq 2.6 

// The total heat transfer from the wall over the time interval t is 

QoverQo = Q_over_Qo_trans("Plane Wall",Fo,Bi) // Eq 5.45 

Qo = rho * cp * vol * (Ti - Tinf) // Eq 5.44 

//vol = 2 * As * L // Appropriate for wall of 2L thickness 

vol = pi * D * L // Pipe wall of diameter D, thickness L and unit length 

Q = QoverQo * Qo // Total energy transfered per unit length 

(2) Can you give an explanation for why the inner and outer surface temperatures are not very 
different? What parameter provides a measure of the temperature non-uniformity in a system during 
a transient conduction process? 




PROBLEM 5.36 

KNOWN: Thickness, initial temperature and properties of furnace wall. Convection conditions at 
inner surface. 

FIND: Time required for outer surface to reach a prescribed temperature. Corresponding 
temperature distribution in wall and at intermediate times. 


SCHEMATIC: 




p = 2600 kg/m 3 
c p = 1000 J/kg-K 
k = 1.5 W/m-K 

Tco = 950°C 
h = 100 W/m 2 -K 


ASSUMPTIONS: (1) One-dimensional conduction in a plane wall, (2) Constant properties, (3) 
Adiabatic outer surface, (4) Fo > 0.2, (5) Negligible radiation from combustion gases. 

ANALYSIS: The wall is equivalent to one-half of a wall of thickness 2L with symmetric convection 
conditions at its two surfaces. With Bi = hL/k = 100 W/nT-K X 0.15m/1.5 W/m-K = 10 and Fo > 0.2, 
the one-term approximation, Eq. 5.41 may be used to compute the desired time, where 

0 * = (T o -T oo )/(T i -T oo ) = O.215. From Table 5.1, Ci = 1.262 and fj = 1.4289. Hence, 

In 0*/Ci) ln(0.215/1.262) 

Fo =--- =----—- = 0.867 

C| 2 (1.4289) 2 

t _FoL 2 _ 0.867 (0.15m) 2 

a (l.5W/m-K/2600kg/m 3 xl000 J/kg-K 

The corresponding temperature distribution, as well as distributions ai 
plotted below 


^ = 33,800s < 

11 = 0, 10,000, and 20,000 s are 



COMMENTS: Because Bi »1, the temperature at the inner surface of the wall increases much 
more rapidly than at locations within the wall, where temperature gradients are large. The 
temperature gradients decrease as the wall approaches a steady-state for which there is a uniform 
temperature of 950°C. 




PROBLEM 5.37 

KNOWN: Thickness, initial temperature and properties of steel plate. Convection conditions at both 
surfaces. 

FIND: Time required to achieve a minimum temperature. 

SCHEMATIC: 

p =7800 kg/m 3 
c p = 500 J/kg-K 
k = 45 W/m-K 

Tco= 700°C 
h = 100 W/m 2 -K 


ASSUMPTIONS: (1) One-dimensional conduction in plate, (2) Symmetric heating on both sides, (3) 
Constant properties, (4) Negligible radiation from gases, (5) Fo > 0.2. 

2 

ANALYSIS: The smallest temperature exists at the midplane and, with Bi = hL/k = 500 W/m K x 
0.050m/45 W/m-K = 0.556 and Fo > 0.2, may be determined from the one-term approximation of Eq. 

5.41. From Table 5.1, Q = 1.076 and = 0.682. Hence, with 0* - (T 0 - T^/IT; - T„) = 0.375, 

In (0.375/1.076) 

=------ = 2.266 

(0.682)^ 


t=Ni7 = 7 _ 2 - 266 < ft05m > 2 _ 7 = 491 s 

a (45W/m-K/7800kg/m 3 x500 J/kg-Kj 

COMMENTS: From Eq. 5.40b, the corresponding surface temperature is 

T s = Too + (Ti ~ Too )^o cos (Cl) = 700°C -400°Cx 0. 375x0.776 = 584°C 




Because Bi is not much larger than 0.1, temperature gradients in the steel are moderate. 




PROBLEM 5.38 


KNOWN: Plate of thickness 2L = 25 mm at a uniform temperature of 600°C is removed from a hot 
pressing operation. Case 1, cooled on both sides; case 2, cooled on one side only. 

FIND: (a) Calculate and plot on one graph the temperature histories for cases 1 and 2 for a 500- 
second cooling period; use the IHT software; Compare times required for the maximum temperature in 
the plate to reach 100°C; and (b) For both cases, calculate and plot on one graph, the variation with 
time of the maximum temperature difference in the plate; Comment on the relative magnitudes of the 
temperature gradients within the plate as a function of time. 


SCHEMATIC: 


Case 1: cooling, both sides 



Case 2: cooling, one side only 



—>\ 2L = 25 mm \<— —H 2L = 25 mm \<— 

ASSUMPTIONS: (1) One-dimensional conduction in the plate, (2) Constant properties, and (3) For 
case 2, with cooling on one side only, the other side is adiabatic. 


PROPERTIES: Plate (given): p = 3000 kg/m 3 , c = 750 J/kg-K, k = 15 W/m-K. 


ANALYSIS: (a) From IHT, call up Plane Wall, Transient Conduction from the Models menu. For 
case 1, the plate thickness is 25 mm; for case 2, the plate thickness is 50 mm. The plate center (x = 0) 
temperature histories are shown in the graph below. The times required for the center temperatures to 
reach 100°C are 


tj = 164 s t 2 — 367 s 


< 


(b) The plot of T(0, t) - T(l, t), which represents the maximum temperature difference in the plate 
during the cooling process, is shown below. 



-Cooling - both sides 

—Cooling - one side only 


Temperature difference history 



-Cooling - both sides 

—Cooling - one side only 


COMMENTS: (1) From the plate center-temperature history graph, note that it takes more than twice 
as long for the maximum temperature to reach 100°C with cooling on only one side. 

(2) From the maximum temperature-difference graph, as expected, cooling from one side creates a 
larger maximum temperature difference during the cooling process. The effect could cause 
microstructure differences, which could adversely affect the mechanical properties within the plate. 






PROBLEM 5.39 


KNOWN: Properties and thickness L of ceramic coating on rocket nozzle wall. Convection conditions. 
Initial temperature and maximum allowable wall temperature. 

FIND: (a) Maximum allowable engine operating time, t max , for L = 10 mm, (b) Coating inner and outer 
surface temperature histories for L = 10 and 40 mm. 

SCHEMATIC: 


L 



h = 5000 W/m 2 -K 

ASSUMPTIONS: (1) One-dimensional conduction in a plane wall, (2) Constant properties, (3) 
Negligible thermal capacitance of metal wall and heat loss through back surface, (4) Negligible contact 
resistance at wall/ceramic interface, (5) Negligible radiation. 

ANALYSIS: (a) Subject to assumptions (3) and (4), the maximum wall temperature corresponds to the 
ceramic temperature at x = 0. Hence, for the ceramic, we wish to determine the time t max at which T(0,t) 
= T 0 (t) = 1500 K. With Bi = hL/k = 5000 W/m 2 K(0.01 m)/10 W/m-K = 5, the lumped capacitance 
method cannot be used. Assuming Fo > 0.2, obtaining C,\ - 1.3138 and Ci = 1.2402 fromTable 5.1, and 

evaluating 0 O = (T 0 — )/(Tj —Too) = 0-4, Equation 5.41 yields 

ln k c l) In (0.4/1.2402) 

Fo =--- =--—--—- = 0.656 

Cf ( 1 . 3138 )" 


confirming the assumption of Fo > 0.2. Hence, 

Fo k) 0.656(0.01m) 2 

tmax= —=- -6 2 = 10 ~ 9s 

a 6x10 6 mr/s 


< 


(b) Using the IHT Lumped Capacitance Model for a Plane Wall , the inner and outer surface temperature 
histories were computed and are as follows: 



Continued... 




PROBLEM 5.39 (Cont.) 


The increase in the inner (x = 0) surface temperature lags that of the outer surface, but within t ~ 45s both 
temperatures are within a few degrees of the gas temperature for L = 0.01 m. For L = 0.04 m, the 
increased thermal capacitance of the ceramic slows the approach to steady-state conditions. The thermal 
response of the inner surface significantly lags that of the outer surface, and it is not until t ~ 137s that 
the inner surface reaches 1500 K. At this time there is still a significant temperature difference across 
the ceramic, with T(L,tmax) = 2240 K. 

COMMENTS: The allowable engine operating time increases with increasing thermal capacitance of 
the ceramic and hence with increasing L. 



PROBLEM 5.40 

KNOWN: Initial temperature, thickness and thermal diffusivity of glass plate. Prescribed surface 
temperature. 

FIND: (a) Time to achieve 50% reduction in midplane temperature, (b) Maximum temperature 
gradient at that time. 

SCHEMATIC: 



ZL-ZOmm 



COMMENTS: Validity of one-term approximation is con fir med by Fo > 0.2. 



PROBLEM 5.41 


KNOWN: Thickness and properties of rubber tire. Convection heating conditions. Initial and final 
midplane temperature. 

FIND: (a) Time to reach final midplane temperature, (b) Effect of accelerated heating. 


SCHEMATIC: 

h = 200 W/m 2 -K 
7^= 200 °C 

r k = 0.14 W/rrr K 
) a = 6.35x1 O' 8 m 2 /s 
\ T; = 25 °C 
(. T(0,tf) = 150 °C 

ASSUMPTIONS: (1) One-dimensional conduction in a plane wall, (2) Constant properties, (3) 
Negligible radiation. 

ANALYSIS: (a) With Bi = hL/k = 200 W/m 2 K(0.01 m)/0.14 W/m-K = 14.3, the lumped capacitance 
method is clearly inappropriate. Assuming Fo > 0.2, Eq. (5.41) may be used with Ci = 1.265 and ~ 
1.458 rad from Table 5.1 to obtain 


Steam j 

T oo . h 



0*o = = q exp(-fj 2 Fo) = 1.265exp(-2.126Fo) 

M ^OO 

With 6>* =(T 0 -T 00 )/(T i -T 00 ) =(-50)/(-175) = 0.286, Fo = -In(0.286/1.265)/2.126 = 0.70 = at f /l 2 


tf 


0.7 (0.01m) 2 
6.35xl0~ 8 m 2 /s 


=1100s 


< 


(b) The desired temperature histories were generated using the IHT Transient Conduction Model for a 
Plane Wall , with h = 5 x 10 4 W/m 2 K used to approximate imposition of a surface temperature of 200°C. 



—*— x = 0, h = 200 W/m A 2.K 
—i — x = L, h = 200 W/m A 2.K 
—©— x = 0, h = 5E4 W/m A 2.K 
—A— x = L, h = 5E4W/m A 2.K 

The fact that imposition of a constant surface temperature (h —» oo) does not significantly accelerate the 
heating process should not be surprising. For h = 200 W/m" K, the Biot number is already quite large (B 
= 14.3), and limits to the heating rate are principally due to conduction in the rubber and not to 
convection at the surface. Any increase in h only serves to reduce what is already a small component of 
the total thermal resistance. 

COMMENTS: The heating rate could be accelerated by increasing the steam temperature, but an upper 
limit would be associated with avoiding thermal damage to the rubber. 





PROBLEM 5.42 


KNOWN: Stack or book comprised of 11 metal plates (p) and 10 boards (b) each of 2.36 mm 
thickness and prescribed thermophysical properties. 

FIND: Effective thermal conductivity, k, and effective thermal capacitance, (pep). 

SCHEMATIC: 


Book, 

M=llplaies 
N=10 boards 


L.-^l c l.56min 




Plaie (p) 

■Board (b),2.36mm 
Plaie (p), Z.36>mm 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Negligible contact resistance 
between plates and boards. 

PROPERTIES: Metal plate (p, given): p p = 8000 kg/m 3 , Cp p = 480 J/kg-K, k p = 12 

W/m-K; Circuit boards (b, given): p b = 1000 kg/m 3 , c p b = 1500 J/kg-K, kb = 0.30 W/m-K. 

ANALYSIS: The thermal resistance of the book is determined as the sum of the resistance of 
the boards and plates, 

Rtot=NRb+MRp 


where M,N are the number of plates and boards in the book, respectively, and R f = Lj / kj 
where Lj and kj are the thickness and thermal conductivities, respectively. 


Rtot=M(L p /k p )+N(L b /k b ) 

R tot =11(0.00236 m/12 W/m-K)+10(0.00236 m/0.30 W/m-K) 

R( 0t =2.163 x10 _3 +7.867x10“ 2 = 8.083 x10“ 2 K/W. 

The effective thermal conductivity of the book of thickness (10 + 11) 2.36 mm is 


k = L/R{ 0t = 


0.04956 m 

8.083xl0' 2 K/W 
The thermal capacitance of the stack is 


= 0.613 W/m-K. 


< 


C tot - M (Pp L p c p ) + N (Pb L b c b ) 

c tot = 11 ( 800 ° kg/m 3 x 0.00236 m x 480 J/kg • K ) +10 (lOOO kg/m 3 x 0.00236 m x 1500 J/kg • K ) 

Cjot = 9.969xl0 4 +3.540xl0 4 = 1.35X10 5 J/m 2 -K. 

The effective thermal capacitance of the book is 


(pc p ) = C^/L = l.351xl0 5 J/m 2 ■ K/0.04956 m = 2.726xlO 6 J/m 3 -K. < 


COMMENTS: The results of the analysis allow for representing the stack as a homogeneous 

-7 2 

medium with effective properties: k = 0.613 W/m-K and a = (k/pc p ) = 2.249x10 m/s. See 
for example, Problem 5.38. 



PROBLEM 5.43 


KNOWN: Stack of circuit board-pressing plates, initially at a uniform temperature, is subjected by 
upper/lower platens to a higher temperature. 


FIND: (a) Elapsed time, t e , required for the mid-plane to reach cure temperature when platens are 
suddenly changed to T s = 190°C, (b) Energy removal from the stack needed to return its temperature 


to Tp 


SCHEMATIC: 


S+ack,T(x,0)=lJ 

=/S°C, L 



/r o n 

PROPERTIES: Stack (given): k = 0.613 W/m-K, pc p = 2.73x10 J/m K; a = k/pc p = 2.245x10" 

2, 

m /s. 

ANALYSIS: (a) Recognize that sudden application of surface temperature corresponds to h —> °°, or 
Bi" 1 = 0 (Heisler chart) or Bi °o (100, Table 5.1). With T s = T^, 


g> _ T(0,t)-T g _ (170-190)°C _ aill 
T i~ T s (15-190)° C 

Using Eq. 5.41 with values of C\ =1.552 and =1.2731 at Bi = 100 (Table 5.1), find Fo 
e^qexpf-c^Fo) 

Fo = — 1 -ln(6>o/C 1 ) =- 1 -^ In (0.114/1.2731) = 1.002 

Ci 1 ’ (1.552) 2 

2 

where Fo = at/L , 

2 

FoL 2 1.002 (25 xlO -3 m) 

t =-=-4-——— = 2.789x10 3 s = 46.5 min. < 

a 2.245xl0~ 7 nU/s 

* .-1 

The Heisler chart, Figure D.l, could also be used to find Fo from values of 0 o and Bi =0. 

(b) The energy removal is equivalent to the energy gained by the stack per unit area for the time 
interval 0 —> t e . With Q'q corresponding to the maximum amount of energy that could be transferred, 


Qo = pc(2 L)(Tj -T 0O )= 2.73xlO 6 J/m 3 -k(2x25x 10' 3 mj(l5-190)K = -2.389xl0 7 J/m 
Q" may be determined from Eq. 5.46, 

O' sinCi * sin(1.552rad) 

^- = 1-^0o=l----x0.114 = 0.795 

Qo Cl 1.552rad 

We conclude that the energy to be removed from the stack per unit area to return it to Tj is 


2 . 


Q" = 0.795Qq = 0.795x2.389 x 10 7 J/m 2 = 1.90 x 10 7 J/m 2 . 


< 



PROBLEM 5.44 


KNOWN: Car windshield, initially at a uniform temperature of -20°C, is suddenly exposed on its 
interior surface to the defrost system airstream at 30°C. The ice layer on the exterior surface acts as an 
insulating layer. 

FIND: What airstream convection coefficient would allow the exterior surface to reach 0°C in 60 s? 


SCHEMATIC: 


Insulating 
ice layer 







x L = 5 mm 


Windshield, 

7(x,0) = T = -20 °C, 
7(0, 60s) = 0 °C 


T = 30 °C, h 


Airstream^ 


ASSUMPTIONS: (1) One-dimensional, transient conduction in the windshield, (2) Constant properties, 
(3) Exterior surface is perfectly insulated. 

PROPERTIES: Windshield (Given): p = 2200 kg/m 3 , c p = 830 J/kg-K and k = 1.2 W/m-K. 
ANALYSIS: For the prescribed conditions, from Equations 5.31 and 5.33, 


6>(0,60s) _6> o Tfo^Os)-^ _ (0-30)°C _ Q6 
e i e i Tj-T^ (-20-30)° C 

^ kt 1.2W/mKx60 

F° =-— =- - --—-— = 1.58 

pcL" 2200 kg/m 3 x 830 J/kg ■ K x (0.005 m)^ 

The single-term series approximation, Eq. 5.41, along with Table 5.1, requires an iterative solution to 
find an appropriate Biot number. Alternatively, the Heisler charts. Appendix D, Figure D.l, for the 
midplane temperature could be used to find 

BF 1 =k/hL = 2.5 

h = 1.2 W/m - K/2.5x0.005 m = 96 w/ m 2 ■ K < 

COMMENTS: Using the IHT, Transient Conduction , Plane Wall Model , the convection coefficient 
can be determined by solving the model with an assumed h and then sweeping over a range of h until the 
T(0,60s) condition is satisfied. Since the model is based upon multiple terms of the series, the result of h 
= 99 W/m” K is more precise than that found using the chart. 




PROBLEM 5.45 


KNOWN: Thickness, initial temperature and properties of plastic coating. Safe-to-touch 
temperature. Convection coefficient and air temperature. 

FIND: Time for surface to reach safe-to-touch temperature. Corresponding temperature at 
plastic/wood interface. 


SCHEMATIC: 


rTTK -» Too = 25°C 

'-OIL/ -> h = 200 W/m 2 -K 

x f ^-—-- 

L = 0.002 m 


Plastic 
Tj = 200°C 
k = 0.250 W/m-K 
a = 1.20x10-7 m 2/ s 


Wood 


ASSUMPTIONS: (1) One-dimensional conduction in coating, (2) Negligible radiation, (3) Constant 
properties, (4) Negligible heat of reaction, (5) Negligible heat transfer across plastic/wood interface. 

ANALYSIS: With Bi = hL/k = 200 W/m 2 K x 0.002m/0.25 W/m-K = 1.6 > 0.1, the lumped 
capacitance method may not be used. Applying the approximate solution of Eq. 5.40a, with Ci = 
1.155 and Cl = 0.990 from Table 5.1, 

9* = Ts T °° = 25 ^ C = 0.0971 = Ci exp(-£, 2 Fo)cos (c,x* ) = 1.155exp(-0.980 Fo)cos (0.99) 

' Tj - Too (200-25)°C V / V / 

Hence, for x =1, 


( 


Fo = -In 


0.0971 


1.155cos(0.99) 


/(0.99) 2 =1.914 


FoL 2 _ 1.914(0.002m) 2 
« 1.20xl(T 7 m 2 /s 


< 


From Eq. 5.41, the corresponding interface temperature is 

T 0 =T 00 +(Tj -T 00 )exp|-^' 2 Foj = 25°C + 175°Cexp(-0.98x1.914) = 51.8°C < 

COMMENTS: By neglecting conduction into the wood and radiation from the surface, the cooling 
time is overpredicted and is therefore a conservative estimate. However, if energy generation due to 
solidification of polymer were significant, the cooling time would be longer. 



PROBLEM 5.46 


KNOWN: Inlet and outlet temperatures of steel rods heat treated by passage through an oven. 
FIND: Rod speed, V. 

SCHEMATIC: 



- L = Sm - 


D=0.05m 


^— 00 . 

•e*] /,=lZ5W/m*-K 


Steel (AISI 1010) 

^ V — 

j7 =S o°c—^ 1 


| x - To = 600°C 


ASSUMPTIONS: (1) One-dimensional radial conduction (axial conduction is negligible), 

(2) Constant properties, (3) Negligible radiation. 

PROPERTIES: Table A-l, AISI1010 Steel (T » 600K): k = 48.8 W/m-K, p = 7832 kg/m 3 , 
Cp = 559 J/kg-K, a = (k/pc p ) = 1.11x10 5 nT7s. 

ANALYSIS: The time needed to traverse the rod through the oven may be found from Fig. 
D.4. 


d* _ T q Too _ 600 750 = 0 2i4 
Tj-T^ 50-750 
k 48.8 W/m-K 

hr o 125 W/m^ K (0.025m) 


15.6. 


Hence, 

Fo = a t/r 2 -12.2 

t = 12.2(0.025m) 2 /l.llxl0~ 5 m 2 /s = 687 s. 

The rod velocity is 

v = L = ^m_ = 00073 m/s 
t 687s 


COMMENTS: (1) Since (h r 0 /2)/k = 0.032, the lumped capacitance method could have been 
used. From Eq. 5.5 it follows that t = 675 s. 

(2) Radiation effects decrease t and hence increase V, assuming there is net radiant transfer 
from the oven walls to the rod. 


(3) Since Fo > 0.2, the approximate analytical solution may be used. With Bi = hr Q /k 
=0.0641, Table 5.1 yields C,\ = 0.3549 rad and C[ = 1.0158. Hence from Eq. 5.49c 


Fo = - 



In 


Cl 


12.4, 


which is in good agreement with the graphical result. 



PROBLEM 5.47 


KNOWN: Hot dog with prescribed thermophysical properties, initially at 6°C, is immersed in 
boiling water. 

FIND: Time required to bring centerline temperature to 80°C. 

SCHEMATIC: 



k=0.5ZW/m-K 
^/>=3&0kg/m 3 
c -3350J/kgK 


ASSUMPTIONS: (1) Hot dog can be treated as infinite cylinder, (2) Constant properties. 


ANALYSIS: The Biot number, based upon Eq. 5.10, is 

i T U r n 100 W/m 2 K (l0xl0' 3 m/2) 

Bi^^ = ^oi± = - v - i =096 

k k 0.52 W/m K 

Since Bi > 0.1, a lumped capacitance analysis is not appropriate. Using the Heisler chart, Figure D.4 
with 


and 


find 


where 


hr n 100W/m 2 K x 10xl0" 3 m , „._i 

Bt = —5- =-= 1.92 or Bi 1 = 0.52 

k 0.52 W/m K 

fl *_go- T(0»t)-Too _ (80-100)° C _ noi 

° % Ti-T^ (6-100)° C 

2 (l0xl0' 3 m) 

Fo = t* = —= 0.8 t = — • Fo = — -—x0.8 = 453.5s = 7.6 min 

r 2 « 1.764x10 7 m 2 /s 

a = k/p c = 0.52 W/m • K/880 kg/m 3 x 3350 J/kg • K = 1,764x 10“ 7 m 2 / s. 


( 1 ) 

< 


COMMENTS: (1) Note that L c = r 0 /2 when evaluating the Biot number for the lumped capacitance 
analysis; however, in the Heisler charts, Bi = hr G /k. 

(2) The surface temperature of the hot dog follows from use of Figure D.5 with r/r Q = 1 and Bi ' = 
0.52; find 0(1 ,t)/0 o ~ 0.45. From Eq. (1), note that 0 O = 0.21 giving 

6 (1, t ) = T (r D , t) - = O.450 o = 0.45 (0.21 [T { - ]) = 0.45 x 0.21 [6 -100]° C = -8.9°C 


T(r o ,t) = T oo -8.9°C = (l00-8.9)°C = 91.1°C 


(3) Since Fo > 0.2, the approximate solution for 0*, Eq. 5.49, is valid. From Table 5.1 with Bi = 1.92, 
find that C\ = 1.3245 rad and Ci = 1.2334. Rearranging Eq. 5.49 and substituting values, 


Fo = —^r-ln 

Cl 2 



1 

(1.3245 rad) 2 


In 


0.213 

1.2334 


1.00 


This result leads to a value of t = 9.5 min or 20% higher than that of the graphical method. 



PROBLEM 5.48 


KNOWN: Long rod with prescribed diameter and properties, initially at a uniform temperature, is 
heated in a forced convection furnace maintained at 750 K with a convection coefficient of h = 1000 
W/m 2 K. 

FIND: (a) The corresponding center temperature of the rod, T(0, t G ), when the surface temperature T(r m 
t D ) is measured as 550 K, (b) Effect of h on centerline temperature history. 

SCHEMATIC: 

r p = 8000 kg/m 3 
< c = 500 J/kg. K 
l k = 50 W/m-K 

) = 550 K (Part a) 

ASSUMPTIONS: (1) One-dimensional, radial conduction in rod, (2) Constant properties, (3) Rod, 
when initially placed in furnace, had a uniform (but unknown) temperature, (4) Fo > 0.2. 


u = ou mm 


T oo= 750 K 
100 <h< 1000 W/m 2 -K 





ANALYSIS: (a) Since the rod was initially at a uniform temperature and Fo > 0.2, the approximate 
solution for the infinite cylinder is appropriate. From Eq. 5.49b, 


0*(r*,Fo) = 0*(Fo)J o (Ci r *) 


( 1 ) 


where, for r = 1, the dimensionless temperatures are, from Eq. 5.31, 


0* (l,Fo) = 


T 0b> t o)- T <, 


T -T 

^oo 

Combining Eqs. (2) and (3) with Eq. (1) and rearranging, 


0o>o) = 


T(0,t o )~ Tq, 
Ti-T^ 


(2,3) 


T ( r Q^o)- T oo . 

Ti-Too 

T (0, t Q ) = + 


T(0,t o ) —To, 


T- -T 

A 1 L o 


-Jo(Ci-i) 


J o(Cl) 


T ( r o^o)- T oo] 


The eigenvalue, C,\ = 1.0185 rad, follows from Table 5.1 for the Biot number 

hr n 1000w/m 2 ■ K(0.060m/2) 

Bi = — = - L - 2- L —i = o.60. 

k 50 W/m-K 


(4) 


From Table B-4, with ^ = 1.0185 rad, J 0 (1.0185) = 0.7568. Hence, from Eq. (4) 

T(0, t Q ) = 750K + —-—[550-750] K = 486 K 
0.7568 


< 


(b) Using the IHT Transient Conduction Model for a Cylinder , the following temperature histories were 
generated. 


Continued... 



PROBLEM 5.48 (Cont.) 



The times required to reach a centerline temperature of 500 K are 367, 85 and 51s, respectively, for h = 
100, 500 and 1000 W/m 2 K. The corresponding values of the Biot number are 0.06, 0.30 and 0.60. 
Hence, even for h = 1000 W/m 2 K, the convection resistance is not negligible relative to the conduction 
resistance and significant reductions in the heating time could still be effected by increasing h to values 
considerably in excess of 1000 W/m 2 K. 

COMMENTS: For Part (a), recognize why it is not necessary to know Tj or the time t Q . We require 
that Fo > 0.2, which for this sphere corresponds to t > 14s. For this situation, the time dependence of the 
surface and center are the same. 




PROBLEM 5.49 


KNOWN: A long cylinder, initially at a uniform temperature, is suddenly quenched in a large oil bath. 

FIND: (a) Time required for the surface to reach 500 K, (b) Effect of convection coefficient on surface 
temperature history. 


SCHEMATIC: 


7^= 350 K 


D = 30 mm 

^ 7(r,0) = Ty = 1000 K 

(p = 400 kg/m 3 
1600 J/kg-K 
k = 1.7 W/m-K 


h = 50, 250 W/m 2 -K < c = 1600 J/kg-K 

T(r 0 ,t) = 500 Yr (k = 1.7 W/m-K 

ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties, (3) Fo > 0.2. 
ANALYSIS: (a) Check first whether lumped capacitance method is applicable. For h = 50 W/m 2 K, 


Bi c = 


hL c h(r 0 /2) 50W/m 2 -K(0.015m/2) 


1.7 W/m - K 


= 0 . 221 . 


Since Bi c >0.1, method is not suited. Using the approximate series solution for the infinite cylinder, 


Q* (A Fo) = C, exp(-CfFojx J 0 (^r*) 


Solving for Fo and setting r = 1, find 


FO = “ C 2 ln [ciJ 0 (Cl)_ 

where 0* = (l,Fo) = = ( 50 °- 35G ) K = 0 231 

\ 7 / t t (t r\r\r\ oc/ax 


T- -T 

A 1 A CX) 


(1000-350)K 


From Table 5.1, with Bi = 0.441, find = 0.8882 rad and Q = 1.1019. From Table B.4, find J 0 (Q = 
0.8121. Substituting numerical values into Eq. (2), 


(0.8882)' 


-In [0.231/1.1019x0.8121] = 1.72. 


From the definition of the Fourier number, Fo = Ctt/r^ , and a = k/pc, 


r 0 2 pc 

t = Fo — = Fo ■ r n -— 
a ° k 


t = 1.72 (0.015 m)" x 400kg/m 3 x 1600 J/kg ■ K/l .7 W/m ■ K = 145s . 

(b) Using the IHT Transient Conduction Model for a Cylinder , the following surface temperature 
histories were obtained. 


Continued... 



PROBLEM 5.49 (Cont.) 



Increasing the convection coefficient by a factor of 5 has a significant effect on the surface temperature, 
greatly accelerating its approach to the oil temperature. However, even with h = 250 W/nr-K, Bi = 1.1 
and the convection resistance remains significant. Hence, in the interest of accelerated cooling, 
additional benefit could be achieved by further increasing the value of h. 

COMMENTS: For Part (a), note that, since Fo = 1.72 > 0.2, the approximate series solution is 
appropriate. 




PROBLEM 5.50 


KNOWN: Long pyroceram rod, initially at a uniform temperature of 900 K, and clad with a thin 
metallic tube giving rise to a thermal contact resistance, is suddenly cooled by convection. 

FIND: (a) Time required for rod centerline to reach 600 K, (b) Effect of convection coefficient on 
cooling rate. 


SCHEMATIC: 


-—D = 20 mm 
[Fluid) 

300 K ft 
100 <h< 1000 W/m 2 -K 



Thin metal tube 

Thermal contact resistance, 
R' t c = 0.12 m-K/W 


Pyroceram rod 
7"(x,0) = 7) = 900 


T(0,f) = 600 K 
Part (a) 

ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Thermal resistance and capacitance of 
metal tube are negligible, (3) Constant properties, (4) Fo > 0.2. 


PROPERTIES: Table A-2, Pyroceram ( T = (600 + 900)K/2 = 750 K): p - 2600 kg/m 3 , c = 1100 
J/kg-K, k = 3.13 W/m-K. 


ANALYSIS: (a) The thermal contact and convection resistances can be combined to give an overall heat 
transfer coefficient. Note that R t c [m-K/W] is expressed per unit length for the outer surface. Hence, 

for h = 100 W/m 2 K, 


U = 


V h + R t ,c (^ D ) l/lOO w/m 2 ■ K + 0.12 m ■ K/W (n x 0.020 m) 


= 57.0 W/ m z ■ K . 


Using the approximate series solution, Eq. 5.50c, the Fourier number can be expressed as 

Fo = -(l/f 1 2 ) ln (9o/Ci). 


From Table 5.1, find ^ = 0.5884 rad and C, = 1.0441 for 

Bi = Ur G /k = 57.0 w/m 2 ■ K(0.020m/2)/3.13W/m - K = 0.182. 


The dimensionless temperature is 

* 


eo -(0.Fo) = T(Rl) - T - = (600 - 30 ° )K =0.5. 


T- -T 

A 1 l cx 


(900-300) K 


Substituting numerical values to find Fo and then the time t, 


Fo: 


-1 


(0.5884)" 


-In 


0.5 

1.0441 


2.127 


FO^: 

a 


c 2 pc 
Fo-r 0 — 

k 


t = 2.127 (0.020m/2)^ 2600kg/m 3 xl 100 J/kg ■ K/3.13 W/m- K = 194s . 


< 


(b) The following temperature histories were generated using the IHT Transient conduction Model for a 
Cylinder. 


Continued... 



PROBLEM 5.50 (Cont.) 



—0— r = ro, h = 100 W/m A 2.K 
—A— r = ro, h = 500 W/m A 2.K 
—B— r = ro, h = 1000 W/m A 2.K 



—©— r = 0, h = 100 W/m A 2.K 
—A— r = 0, h = 500 W/m A 2.K 
—B— r = 0, h = 1000 W/m A 2.K 


2 

While enhanced cooling is achieved by increasing h from 100 to 500 W/nr-K, there is little benefit 
associated with increasing h from 500 to 1000 W/nr-K. The reason is that for h much above 500 
W/nT-K, the contact resistance becomes the dominant contribution to the total resistance between the 
fluid and the rod, rendering the effect of further reductions in the convection resistance negligible. Note 
that, for h = 100, 500 and 1000 W/nr-K, the corresponding values of U are 57.0, 104.8 and 117.1 
W/nr-K, respectively. 

COMMENTS: For Part (a), note that, since Fo = 2.127 > 0.2, Assumption (4) is satisfied. 




PROBLEM 5.51 


KNOWN: Sapphire rod, initially at a uniform temperature of 800K is suddenly cooled by a convection 
process; after 35s, the rod is wrapped in insulation. 

FIND: Temperature rod reaches after a long time following the insulation wrap. 


SCHEMATIC: 


T a =300K ff. 
h=1600W/m*-K\ 


Uf 


Rod, r a -2.0mm 

T(x,0) = Tj = a00K 


ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties, (3) No heat losses 
from the rod when insulation is applied. 

3 

PROPERTIES: Table A-2, Aluminum oxide, sapphire (550K): p = 3970 kg/m , c = 1068 J/kg-K, k = 
22.3 W/m-K, a = 5.259xl0" 5 ni7s. 


ANALYSIS: First calculate the Biot number with L c = r 0 /2, 

E . _ h L c _ h (r Q / 2) _ 1600 W/m 2 K (0.020 m/2) _ Q72 
k ~ k 22.3 W/m-K 

Since Bi > 0.1, the rod cannot be approximated as a lumped capacitance system. The temperature 
distribution during the cooling process, 0 < t < 35s, and for the time following the application of 
insulation, t > 35s, will appear as 



Eventually 0 —> °°), the temperature of the rod will be uniform at T (°°). To find T (°° ), write the 
conservation of energy requirement for the rod on a time interval basis, E in -E 0llt = AE = E fmal - E initial . 

Using the nomenclature of Section 5.5.3 and basing energy relative to Too, the energy balance becomes 
-Q=pcV(T(oo)- Too )-Q 0 

where Q 0 = pcV(Ti - Too). Dividing through by Q 0 and solving for T (°°), find 

T(°o) = T 00 + (T i -T 00 )(l-Q/Q 0 ). 

From the Groeber chart, Figure D.6, with 

hr n 1600W/m 2 K x 0.020m , 

Bt = —2- =-= 1.43 

k 22.3 W/m-K 

Bi 2 Fo = Bi 2 (a t/r 2 ) = (1.43) 2 (5.259x 10' 6 m 2 /s x35s/(0.020m) 2 ) = 0.95. 
find Q/Qo ~ 0.57. Hence, 

T(oo) = 300K + (800-300)K (1-0.57) =515 K. < 

COMMENTS: From use of Figures D.4 and D.5, find T(0,35s) = 525K and T(r 0 ,35s) = 423K. 



PROBLEM 5.52 


KNOWN: Long bar of 70 mm diameter, initially at 90° C, is suddenly immersed in a water bath 
(Too = 40°C, h = 20 W/m 2 K). 

FIND: (a) Time, tf, that bar should remain in bath in order that, when removed and allowed to 
equilibrate while isolated from surroundings, it will have a uniform temperature T(r, °o) = 55°C. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties. 

PROPERTIES: Bar (given): p = 2600 kg/m 3 , c = 1030 J/kg-K, k = 3.50 W/m-K, a = k/pc = 
1.31x10 6 m 2 /s. 

ANALYSIS: Determine first whether conditions are space-wise isothermal 

hL r h (r G / 2) 20 W/m 2 - K (0.035 m/2) 

Bi = ^ = -5-5 —L = -1-- = 0.10 

k k 3.50 W/m-K 

and since Bi > 0.1, a Heisler solution is appropriate. 


(a) Consider an overall energy balance on the bar during the time interval At = tf (the time the bar is 
in the bath). 


Ein E OU f - AE 


0 Q-E final Ej n j t j a j — Me (Tf Tqo) Mc(T) Tx.) 
-Q = Me (Tf - ) - Q 0 

(55 -40)° C 


Q _ 1 Tf -Too _ 1 

Qo Ej —Too 


(90-40)°C 


= 0.70 


where Q 0 is the in itial energy in the bar (relative to Tx>; Eq. 5.44). With Bi = hro/k = 0.20 and 
Q/Qo = 0.70, use Figure D.6 to find BfFo = 0.15; hence Fo = 0.15/Bi 2 = 3.75 and 

t f =Fo- fi/a =3.75(0.035 m) 2 /1.31xl0 -6 m 2 /s=3507 s. < 

(b) To determine T(r 0 , tf), use Figures D.4 and D.5 for 0(r o ,t)/0i (Fo = 3.75, Bi 1 = 5.0) and 0 o /0i 
(Bi = 5.0, r/r Q = 1, respectively, to fmd 

0 f r t ^ f) 

T (r D , t f ) = Too + g ’ ■ 0i = 40°C + 0.25x0.90(90 - 50)° C = 49°C. 


< 



PROBLEM 5.53 


KNOWN: Long plastic rod of diameter D heated uniformly in an oven to Tj and then allowed to 

convectively cool in ambient air (Too, h) for a 3 minute period. Minimum temperature of rod should 
not be less than 200° C and the maximum-minimum temperature within the rod should not exceed 
10°C. 


FIND: Initial uniform temperature Tj to which rod should be heated. Whether the 10°C internal 
temperature difference is exceeded. 


SCHEMATIC: 


Rod, r 0 -lSmm 
^mbie nt^a/r 

T^zPc 

h =8W/m2-K 



mi) 

T(r,0)=lJ 

T| (r a ,3 min) -ZOO°C, 
worst case condition 


ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties, (3) Uniform 
and constant convection coefficients. 

PROPERTIES: Plastic rod (given): k = 0.3 W/m-K, pCp = 1040 kJ/rn^K. 

ANALYSIS: For the worst case condition, the rod cools for 3 minutes and its outer surface is at 
least 200° C in order that the subsequent pressing operation will be satisfactory. Hence, 


hr n 
Bi = —9. 
k 

a t 

Fo = ^ 


8 W/m K xO.015 m 0 ^ 

-= 0.40 

0.3 W/m-K 

k t 0.3 W/m ■ K 


-x- 


3 x60s 


P c p r 2 1040X10 3 J/m S -K (0.015 m) 2 


= 0.2308. 


Using Eq. 5.49a and =0.8516 radandQ = 1.0932 from Table 5.1, 


0' 


T{i 0 ,t)-T a 

Tj-Too 


QJo Klk)) ex P (—C, Fol. 


With Tq =1, from Table B.4, Jq (Cl x l) =Jo (0.8516) = 0.8263, giving 
200-25 


T; -25 


■ = 1 .0932x0.8263exp (-0.8516 2 x 0.2308) Tj = 254°C. 


At this time (3 minutes) what is the difference between the center and surface temperatures of the 
rod? From Eq. 5.49b, 

0^_T(r o ,t)-T oo 200-25 
Or “ 


: J 0 (Cl r o 


= 0.8263 


, G T (0,t) - Too T(0,t)-25 
which gives T(0,t) = 237°C. Hence, 

AT = T (0,180s)- T(r 0 ,180s) = (237-200)° C = 37°C. 

Hence, the desired max-min temperature difference sought (10°C) is not achieved. 


COMMENTS: AT could be reduced by decreasing the cooling rate; however, h can not be made 
much smaller. Two solutions are (a) increase ambient air temperature and (b) non-uniformly heat 
rod in oven by controlling its residence time. 



PROBLEM 5.54 


KNOWN: Diameter and initial temperature of roller bearings. Temperature of oil bath and 
convection coefficient. Final centerline temperature. Number of bearings processed per hour. 

FIND: Time required to reach centerline temperature. Cooling load. 

SCHEMATIC: 

Stainless steel - 
Tj = 500°C 
T(0,t f ) = 50°C 
N = 10 


ASSUMPTIONS: (1) One-dimensional, radial conduction in rod, (2) Constant properties. 
PROPERTIES: Table A.1, St. St. 304 (T = 548 K): p=7900 kg/m 3 , k = 19.0 W/m-K, c p = 546 
J/kg-K, a = 4.40 x 10' 6 m“/s. 

ANALYSIS: With Bi = h (r 0 /2)/k = 0.658, the lumped capacitance method can not be used. From 
the one-term approximation of Eq. 5.49 c for the centerline temperature, 

0* = Tq-T^ = 50-30 = Q Q426 = C| exp /_^2 Fo j = L1382 exp -(0.9287 f Fo 
1 11 1 f qq 5 00 30 _ _ 

where, for Hi = hr 0 /k = 1.316. C, - 1.1382 and = 0.9287 from Table 5.1. 

Fo = -in (0.0374)/ 0.863 = 3.81 

t f = FoTq la = 3.81 (0.05 m) 2 /4.40xl0~^ = 2162s = 36 min < 

From Eqs. 5.44 and 5.51, the energy extracted from a single rod is 

9 a* 

Q - pc V (Tj - T M ) l--^Jj(Ci) 

Cl 






PROBLEM 5.55 


KNOWN: Long rods of 40 mm- and 80-mm diameter at a uniform temperature of 400°C in a 
curing oven, are removed and cooled by forced convection with air at 25 °C. The 40-mm 
diameter rod takes 280 s to reach a safe-to-handle temperature of 60°C. 

FIND: Time it takes for a 80-mm diameter rod to cool to the same safe-to-handle temperature. 
Comment on the result? Did you anticipate this outcome? 

SCHEMATIC: 


T(r 0 ,t 0 ) = 60°C x- T(r 0 ,t 0 ) = 60°C 

t 0 = 280 s 


40-mm diameter rod (p, c, k) 

ASSUMPTIONS: (1) One-dimensional radial (cylindrical) conduction in the rods, (2) Constant 
properties, and (3) Convection coefficient same value for both rods. 

PROPERTIES: Rod (given): p = 2500 kg/m 3 , c = 900 J/kg-K, k = 15 W/m-K. 

ANALYSIS: Not knowing the convection coefficient, the Biot number cannot be calculated to 
determine whether the rods behave as spacewise isothermal objects. Using the relations from 
Section 5.6, Radial Systems with Convection, for the infinite cylinder, Eq. 5.50, evaluate 
2 

Fo = a t / Tq , and knowing T(r 0 , t Q ), a trial-and-error solution is required to find Bi = h r Q /k and 
hence, h. Using the IHT Transient Conduction model for the Cylinder, the following results are 
readily calculated for the 40-mm rod. With t G = 280 s, 

Fo = 4.667 Bi = 0.264 h = 197.7 W/m 2 ■ K 

For the 80-mm rod, with the foregoing value for h, with T(r 0 , t 0 ) = 60°C, find 

Bi = 0.528 Fo = 2.413 t 0 =579 s < 

COMMENTS: (1) The time-to-cool, t 0 , for the 80-mm rod is slightly more than twice that for 
the 40-mm rod. Did you anticipate this result? Did you believe the times would be proportional 
to the diameter squared? 

(2) The simplest approach to explaining the relationship between t G and the diameter follows 
from the lumped capacitance analysis, Eq. 5.13, where for the same 0/0i, we expect Bi Fo 0 to be a 
constant. That is, 

h ' r o x a tp _ £ 

k r 2 
‘o 

yielding t G ~ r Q (not r 2 ). 



80-mm diameter rod (p, c, k) 






PROBLEM 5.56 


KNOWN: Initial temperature, density, specific heat and diameter of cylindrical rod. Convection 
coefficient and temperature of air flow. Time for centerline to reach a prescribed temperature. 
Dependence of convection coefficient on flow velocity. 

FIND: (a) Thermal conductivity of material, (b) Effect of velocity and centerline temperature and 
temperature histories for selected velocities. 

SCHEMATIC: 

Specimen 

p= 1200 kg/m 3 
c= 1250 J/kg-K 
T| = 100°C 
T(0,1136 s) = 40°C 

Too=25°C 

h = cv 0 - 618 

ASSUMPTIONS: (1) Lumped capacitance analysis can not be used but one-term approximation for 
an infinite cylinder is appropriate, (2) One-dimensional conduction in r, (3) Constant properties, (4) 
Negligible radiation, (5) Negligible effect of thermocouple hole on conduction. 

ANALYSIS: (a) With 0* =[r o (0,l 136s) - Too]/(Ti - Too) - (40 - 25)/(100 - 25) = 0.20, Eq. 5.49c 
yields 



_ at _ k t _ k(ll36s) 

r 2 P c p r o 1200 kg/m 3 xl250J/ kg• Kx(0.02m)“ 

Because Ci and £) depend on Bi = hr 0 /k, a trial-and-error procedure must be used. For example, a 
value of k may be assumed and used to calculate Bi, which may then be used to obtain Cj and £| 
from Table 5.1. Substituting Ci and £ j into Eq. (1), k may be computed and compared with the 
assumed value. Iteration continues until satisfactory convergence is obtained, with 

k = 0.30 W/m - K < 

and, hence, Bi = 3.67, Ci = 1.45, = 1.87 and Fo = 0.568. For the above value of k, 

— In(0.2/Q)/= 0.567, which equals the Fourier number, as prescribed by Eq. (1). 

(b) With h = 55 W/m 2 K for V = 6.8 m/s, h = CV°’ 618 yields a value of C = 16.8 W-s°' 618 /m 2 ' 618 -K. 
The desired variations of the centerline temperature with velocity (for t = 1136 s) and time (for V = 3, 
10 and 20 m/s) are as follows: 


(0.2/Cj)/^ 2 (1) 


Continued 




PROBLEM 5.56 (Cont.) 



O 


o 



O 



-A- V=3 m/s 
V=10 m/s 
■ V=20 m/s 


2 

With increasing V from 3 to 20 m/s. h increases from 33 to 107 W/m K, and the enhanced cooling 
reduces the centerline temperature at the prescribed time. The accelerated cooling associated with 
increasing V is also revealed by the temperature histories, and the time required to achieve thermal 
equilibrium between the air and the cylinder decreases with increasing V. 

COMMENTS: (1) For the smallest value of h = 33 W/m 2 K, Bi s h (ro/2)/k = 1.1 » 0.1, and use of 
the lumped capacitance method is clearly inappropriate. 

(2) The IHT Transient Conduction Model for a cylinder was used to perform the calculations of Part 
(b). Because the model is based on the exact solution, Eq. 5.47a, it is accurate for values of Fo < 0.2, 
as well as Fo > 0.2. Although in principle, the model may be used to calculate the thermal 
conductivity for the conditions of Part (a), convergence is elusive and may only be achieved if the 
initial guesses are close to the correct results. 




PROBLEM 5.57 


KNOWN: Diameter, initial temperature and properties of stainless steel rod. Temperature and 
convection coefficient of coolant. 


FIND: Temperature distributions for prescribed convection coefficients and times. 

SCHEMATIC: 


Stainless steel 
t. = -rcmor 
p'= 8000 kg/m 3 
c p = 475 J/kg-K 
k = 15 W/m-K 



ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties. 


ANALYSIS: The IHT model is based on the exact solution to the heat equation, Eq. 5.47. The 
results are plotted as follows 


h = 100 W/m A 2-K 



0 0.2 0.4 0.6 0.8 1 


Dimensionless radius, r* 



• t=0 

t=100 s 
-A- t= 5 0 0 s 

For h = 100 W/m 2 K, Bi = hr 0 /k = 0.1, and as 
expected, the temperature distribution is nearly 

uniform throughout the rod. For h = 1000 

2 

W/m K (Bi = 1), temperature variations 
within the rod are not negligible. In this case 
the centerline-to-surface temperature 

difference is comparable to the surface-to-fluid 

2 

temperature difference. For h = 5000 W/m K 
(Bi = 5), temperature variations within the rod 
are large and [T (0,t) - T (r 0 ,t)] is substantially 
larger than [T (r 0 ,t) - TJ. 



COMMENTS: With increasing Bi, conduction within the rod, and not convection from the surface, 
becomes the limiting process for heat loss. 






PROBLEM 5.58 

KNOWN: A ball bearing is suddenly immersed in a molten salt bath; heat treatment to harden occurs 
at locations with T > 1000K. 

FIND: Time required to harden outer layer of 1mm. 

SCHEMATIC: 

p = 7800kg fm*) T(r,0)= 300K 

l jr J A ^ ( aS alt bath\ 

D=ZOmmT m =lZOOK 

h-5000Wlm z -K 


ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties, (3) Fo > 0.2. 

ANALYSIS: Since any location within the ball whose temperature exceeds 1000K will be hardened, 
the problem is to find the time when the location r = 9mm reaches 1000K. Then a 1mm outer layer 
will be hardened. Begin by finding the Biot number. 

h r n 5000 W/m 2 ■ K (0.020m/2) 

k 50 W/m -K 

Using the one-term approximate solution for a sphere, find 



From Table 5.1 with Bi = 1.00, for the sphere find C, \ - 1.5708 rad and C | = 1.2732. With r* 


= r/r G = (9mm/10mm) = 0.9, substitute numerical values. 

-1 I" (1000-1300)K 
Fo =--In A- 1 —/1.2732 

(1.5708) 2 L (300-i300)K 

From the definition of the Fourier number with a = k/pc, 

2 r -]2 

t = Fo — = Fo -r^ = 0.441x Q ~ Q2Qm 7800^|-x500—-—/50 W/m- K = 3.4s. < 

a ° k L 2 J m 3 kg -K 

COMMENTS: (1) Note the very short time required to harden the ball. At this time it can be easily 
shown the center temperature is T(0,3.4s) = 871 K. 

(2) The Heisler charts can also be used. From Fig. D.8, with Bi ^ = 1.0 and r/r Q = 0.9, read 0/0 o = 
0.69(±0.03). Since 


---sin(l.5708x0.9 rad) =0.441. 

1.5708x0.9 V ’ 


0 = T-T^ = 1000-1300 = -300K 9 { = Tj -= -1000K 

it follows that 

— = 0.30. Since — = — , then — = 0.69 — 

6[ 6\ 0 o 6\ 6\ 6\ 

and e o ie { =0.30/0.69 = 0.43 (±0.02). 

From Fig. D.7 at 0 o /0j=O.43, Bi ^=1.0, read Fo = 0.45 (±0.03) and t = 3.5 (±0.2)s. Note the use of 
tolerances associated with reading the charts to +5%. 



PROBLEM 5.59 

KNOWN: An 80mm sphere, initially at a uniform elevated temperature, is quenched in an oil bath 
with prescribed Too, h. 

FIND: The center temperature of the sphere, T(0,t) at a certain time when the surface temperature 
is T(r 0 ,t) = 150°C. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional radial conduction, (2) In itial uniform temperature within 
sphere, (3) Constant properties, (4) Fo > 0.2. 


ANALYSIS: Check first to see if the sphere is spacewise isothermal. 

_ . hL c h(r 0 /3) 1000 W/m 2 ■ Kx0.040m/3 A ., 

k k 50 W/m-K 

Since Bic >0.1, lumped capacitance method is not appropriate. Recognize that when Fo > 0.2, the 
time dependence of the temperature at any point within the sphere will be the same as the center. 
Using the Heisler chart method, Fig. D.8 provides the relation between T(r 0 ,t) and T(0,t). Find first 
the Biot number, 

hr 0 1000 W/m 2 Kx0.040m A OA 

Bi = —— =-= 0.80. 

k 50 W/m-K 

With Bi 1 = 1/0.80 = 1.25 and r/r 0 =1, read from Fig. D.8, 


Q _ T(r 0 ,t) —T c 
0 o T(0,t)-To, 


It follows that 

T(0,t) = Too 4—-—|"T(r 0 ,t) —Too] =50 °Ch—-—[ 150-50l°C =199°C. < 

0.67 L J 0.67 L 1 

COMMENTS: (1) There is sufficient information to evaluate Fo; hence, we require that the time 
be sufficiendy long after the start of quenching for this solution to be appropriate. 

(2)The approximate series solution could also be used to obtain T(0,t). For Bi = 0.80 from Table 
5.1, 'Q i =1.5044 rad. Substituting numerical values, r* = 1, 


0* T(r Q ,t)-T^ 1 . *\ 

— = —--=-sin Cir 

0* T (0,t) - Too C/ V > 


-sin (1.5044 rad) =0.663. 

1.5044 


It follows that T(0,t) = 201°C. 



PROBLEM 5.60 


KNOWN: Steel ball bearings at an initial, uniform temperature are to be cooled by 
convection while passing through a refrigerated chamber; bearings are to be cooled to a 
temperature such that 70% of the thermal energy is removed. 

FIND: Residence time of the balls in the 5m-long chamber and recommended drive velocity 
for the conveyor. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible conduction between ball and conveyor surface, (2) 
Negligible radiation exchange with surroundings, (3) Constant properties, (4) Uniform 
convection coefficient over ball’s surface. 

ANALYSIS: The Biot number for the lumped capacitance analysis is 

hL P h(r 0 /3) 1000 W/m 2 ■ K (0.1m/3) 

k k 50 W/m ■ K 


Since Bi > 0.1, lumped capacitance analysis is not appropriate. In Figure D.9, the internal 
energy change is shown as a function of Bi and Fo. For 


_Q_ 

Qo 


■0.70 


and 


hr G 1000 W/m z Kx0.1m 

Hi —-—-— 2.0, 

k 50 W/m ■ K 


.. 2 . 


find BE Fo ~ 1.2. The Fourier number is 
a t 2xl0 _5 m 2 /s x t 


F0 = ^ : 


( 0.1 mf 


2.0xl0~ 3 t 


giving 

t = F ° = L2/Bi2 = L2/ < 2 -°) 2 = 150, 

2.0xl0' 3 2.0xl0' 3 2.0xl0~ 3 

The velocity of the conveyor is expressed in terms of the length L and residence time t. Hence 

V = — = 2HL = 0.033m/s = 33mm/s. < 

t 150s 

COMMENTS: Referring to Eq. 5.10, note that for a sphere, the characteristic length is 
L C =V/A S =|* r.2^. 


However, when using the Heisler charts, note that Bi = h r Q /k. 



PROBLEM 5.61 


KNOWN: Diameter and initial temperature of ball beatings to be quenched in an oil bath. 

FIND: (a) Time required for surface to cool to 100°C and the corresponding center temperature, 
(b) Oil bath cooling requirements. 

SCHEMATIC: 


{gin, 

T„= WC 
h-1000\N/m z -K 



St. St (AISI 304 ) ball 
D -2.0 mm 1 7j=350°C 


ASSUMPTIONS: (1) One-dimensional radial conduction in ball beatings, (2) Constant properties. 


PROPERTIES: Table A-l, St. St., AISI 304, (T - 500°C): k = 22.2 W/mK, c p = 579 J/kg-K, 
p = 7900 kg/m 3 , a = 4.85xl0' 6 m 2 /s. 

ANALYSIS: (a) To determine whether use of the lumped capacitance method is suitable, first 
compute 

o . h(r 0 /3) 1000 W/m 2 ■ K(0.010m/3) 

Bi —-—-— 0.15. 

k 22.2 W/m K 


We conclude that, although the lumped capacitance method could be used as a first approximation, 
the Heisler charts should be used in the interest of improving accuracy. Hence, with 


-1 k 
Bi =- 


22.2 W/m ■ K 


hr o 1000 W/m 2 K (0.01m) 


-= 2.22 


and 


- = 1, 


Fig. D.8 gives 


9 ( r O’Q 

M0 


0.80. 


Hence, with 


Q(r 0 ,t) _T(r 0 ,t)-T oo _1QQ-4Q 
0i ~~ Tj -Too _ 850-40 


Continued 




PROBLEM 5.61 (Cont.) 


it follows that 

e„ = e(r 0 ,t)/e 1 =M 4 =oo93 

0i 0(r o ,t)/0 o 0.80 

From Fig. D.7, with 0 O /0i = 0.093 and Bi" ^ = k/hr G = 2.22, find 

t* = Fo ~ 2.0 

r n 2 Fo (0.01m) 2 (2.0) 

“ « "4.85xlO- 6 m 2 / S " ' 

Also, 

0 o = T o -Too =0.093(1- -Too)= 0.093(850-40) = 75°C 

T 0 = 115°C < 

(b) With Bi“Fo = (1/2 .Tf x 2.0 = 0.41, where Bi = (hr 0 /k) = 0.45, it follows from Fig. D.9 that for 
a single ball 

— -0.93. 

Qo 

Hence, from Eq. 5.44, 

Q = 0.93 pc p V (Ti - Tx)) 

Q = 0.93x 7900 kg/m 3 x 579 J/kg ■ Kx - (0.02m) 3 x 810°C 

6 

Q = 1.44x10 4 J 

is the amount of energy transferred from a single ball during the cooling process. Hence, the oil bath 
cooling rate must be 

q = 10 4 Q/3600 s 

q = 4 x 10 4 W = 40 kW. < 

COMMENTS: If the lumped capacitance method is used, the cooling time, obtained from Eq. 5.5, 
would be t = 39.7s, where the ball is assumed to be uniformly cooled to 100°C. This result, and the 
fact that T 0 - T(r 0 ) = 15°C at the conclusion, suggests that use of the lumped capacitance method 
would have been reasonable. Note that, when using the Heisler charts, accuracy to better than 5% 
is seldom possible. 



PROBLEM 5.62 


KNOWN: Diameter and initial temperature of hailstone falling through warm air. 

FIND: (a) Time, t m , required for outer surface to reach melting point, T(r 0 ,t m ) = T m = 0°C, (b) 
Centerpoint temperature at that time, (c) Energy transferred to the stone. 

SCHEMATIC: 

-D =0-005-m 

■Ice, 7~=-30°C,T m = 0°C 





ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties. 
PROPERTIES: Table A-3, Ice (253K): p = 920 kg/m 3 , k = 2.03 W/mK, c p = 1945 J/kg-K; a 
= k/pcp = 1.13 x 10" 6 m 2 /s. 

ANALYSIS: (a) Calculate the lumped capacitance Biot number, 

_ h (r Q /3) _ 250 W/m 2 ■ K(0.0025m/3) _ 

k ~ 2.03 W/m K 

Since Bi > 0.1, use the Heisler charts for which 
9 ( r o Am) _ T (r Q , t m ) —Top _ 0- 5 


6i 


Bi" 1 = k 


From Fig. D.8, find 


Tj-T^ -30-5 
_ 2.03 W/m K 

hr o 250 W/m 2 ■ K x 0.0025m 

6 ( r 0’tm) 


= 3.25. 


= 0 . 86 . 


It follows that 


®o(*-m) 

9o( t m)_ 9(k>’t m )/0i 


_ _ 0.143 

9i 9 ( r oTm)/9o (tm) 9.86 

From Fig. D.7 find Fo = 2.1. Hence, 


= 0.17. 


L m 


F° r o 

a 


2.1 (0.0025) 2 
1.13xl0 _6 m 2 /s 


= 12S. 


(b) Since (0 o /0i) ~ 0.17, fmd 


T 0 -To 


■ 0.17(Ti -T TO ) « 0.17 (-30-5)= -6.0°C 


T 0 (t m ) = —1.0°C. < 

(c) With Bi”Fo = (l/3.25)^x2.1 = 0.2, from Fig. D.9, find Q/Q 0 ~ 0.82. From Eq. 5.44, 

Q 0 = pVCpOi =(920 kg/m 3 ) (tt/ 6)(0.005m) 3 1945 (J/kg K)(—35K) = —4.10 J 


Q = 0.82 Q 0 =0.82(-4.10 J) = -3.4 J. 


< 



PROBLEM 5.63 

KNOWN: Sphere quenching in a constant temperature bath. 

FIND: (a) Plot T(0,t) and T(r c ,t) as function of time, (b) Time required for surface to reach 415 K, E, 
(c) Heat flux when T(r c , E) = 415 K, (d) Energy lost by sphere in cooling to T(r c , E) = 415 K, (e) 
Steady-state temperature reached after sphere is insulated at t = E, (f) Effect of h on center and surface 
temperature histories. 


SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Constant properties, (3) Uniform initial 
temperature. 


ANALYSIS: (a) Calculate Biot number to determine if sphere behaves as spatially isothermal object, 

m _liL c _ h(r o /3) _ 75w/m 2 -K(0.015m/3) _ 022 
1 k k 1.7 W/m-K 


Hence, temperature gradients exist in the sphere and T(r,t) vs. t appears as shown above. 

(b) The Heisler charts may be used to find E when T(r 0 , E) = 415 K. Using Fig. D.8 with r/r Q = 1 and Bi 1 
= k/hr Q = 1.7 W/m-K/(75 W/nr-K x 0.015 m) = 1.51, 9 (l,t ')/0 o = 0.72 . In order to enter Fig. D.7, we 
need to determine 0 o /0i, which is 

4. = /V) . (415-320)K / = 

6>i 6>i / e o (800 - 320) K/ 

Hence, for Bi 1 = 1.51, Fo = at'/r 2 - 0.87 and 


E = Fo —= Fo- 
a k 


P c P .2 


0.87 400kg/ m xl600 J/kg ■ K x(Q Q15m) 2 = ?4s 


1.7 W/m-K 

(c) The heat flux at the outer surface at time E is given by Newton’s law of cooling 

q" = h[T(r o ,E)-T oo ] = 75w/m 2 -K[415-320]K = 7125W/m 2 .. 


< 

< 


The manner in which q" is calculated indicates that energy is leaving the sphere. 

(d) The energy lost by the sphere during the cooling process from t = 0 to E can be determined from the 
Groeber chart, Fig. D.9. With Bi = 1/1.51 = 0.67 and Bi 2 Fo = (1/1.51 ) 2 x 0.87 ~ 0.4, the chart yields 
Q/Qo ~ 0.75 . The energy loss by the sphere with V = (7tD 3 )/6 is therefore 


Q ~ 0.85Q o =0.85p(^D 3 /6)c p (T i -T oo ) 

Q - 0.85 x 400 kg/m 3 \jc [0.030 m] 3 / s ) 1600 J/kg ■ K (800 - 320) K = 3691 J < 


Continued... 





PROBLEM 5.63 (Cont.) 


(e) If at time t' the surface of the sphere is perfectly insulated, eventually the temperature of the sphere 
will be uniform at T(°°). Applying conservation of energy to the sphere over a time interval, E in - E out = 
AE = E fina i - Einitiai. Hence, -Q = pcV[T(<=o) - TJ - Q 0 , where Q 0 = pcVtTi - TJ. Dividing by Q 0 and 
regrouping, we obtain 

T(oo) = + (1 -Q/Q 0 )(T- -)« 320K + (1-0.75)(800-320)K = 440K < 

(f) Using the IHT Transient Conduction Model for a Sphere , the following graphical results were 
generated. 



—•— h = 75 W/m A 2.K, r = ro 
—x— h = 75 W/m A 2.K, r = 0 
—A— h = 200 W/m A 2.K, r = ro 
h = 200 W/m A 2.K, r = 0 



—©— h = 75 W/m A 2.K 
—A— h = 200 W/m A 2.K 


2 

The quenching process is clearly accelerated by increasing h from 75 to 200 W/nT-K and is virtually 
completed by t ~ 100s for the larger value of h. Note that, for both values of h, the temperature 
difference [T(0,t) - T(r 0 ,t)] decreases with increasing t. Although the surface heat flux for h = 200 
W/m” K is initially larger than that for h = 75 W/nr-K, the more rapid decline in T(r 0 ,t) causes it to 
become smaller at t ~ 30s. 


COMMENTS: 1 . There is considerable uncertainty associated with reading Q/Q 0 from the Groeber 
chart, Fig. D.9, and it would be better to use the one-term approximation solutions of Section 5.6.2. With 
Bi = 0.662, from Table 5.1, find <J = 1.319 rad and Ci = 1.188. Using Eq. 5.50, find Fo = 0.852 and t' = 
72.2 s. Using Eq. 5.52, find Q/Q 0 = 0.775 and T(°°) = 428 K. 

2. Using the Transient Conduction/Sphere model in IHT based upon multiple-term series solution, the 
following results were obtained: t' = 72.1 s; Q/Q 0 = 0.7745, and T(°°) = 428 K. 





PROBLEM 5.64 


KNOWN: Two spheres, A and B, initially at uniform temperatures of 800K and simultaneously 
quenched in large, constant temperature baths each maintained at 320K; properties of the spheres and 
convection coefficients. 


FIND: (a) Show in a qualitative manner, on T-t coordinates, temperatures at the center and the outer 
surface for each sphere; explain features of the curves; (b) Time required for the outer surface of each 
sphere to reach 415K, (c) Energy gained by each bath during process of cooling spheres to a surface 
temperature of 415K. 


SCHEMATIC: 




Sphere A 

Sphere B 

r 0 (mm) 

150 

15 

p (kg/m 3 ) 

1600 

400 

c (J/kg-K) 

400 

1600 

k (W/m-K) 

170 

1.7 

h (W/m 2 K) 

5 

50 


ASSUMPTIONS: (1) One-dimensional radial conduction, (2) Uniform properties, (3) Constant 
convection coefficient. 


ANALYSIS: (a) From knowledge of the Biot number and the thermal time constant, it is possible to 
qualitatively represent the temperature distributions. From Eq. 5.10, with L c = r 0 /3, find 

2 


Bi = 


h(r 0 /3) 


5 W/m“ -K(0.150m/3) _3 

Bi A =---- = 1.47x10 

170 W/m-K 


Bi B - 


50 W/m 2 -K(0.015m/3) 


= 0.147 


1.7 W/m-K 

The thermal time constant for a lumped capacitance system from Eq. 5.7 is 

3 


T = 


1 


hA 


s J 


, . 1600 kg/in x (0.150m) 400 J/kg-K 

(pVc) t a =- 5 --- - 1 - 5 -= 6400s 


3x5 W/m*' • K 


T = ■ 


P r o c 


t B 


400 kg/m 3 x(0.015m) 1600 J/kg-K 


3h 3x50 W/m“ • K 

When Bi « 0.1, the sphere will cool in a 
spacewise isothermal manner (Sphere A). 

For sphere B, Bi > 0.1, hence gradients will 
be important. Note that the thermal time 
constant of A is much larger than for B; 
hence, A will cool much slower. See sketch 
for these features. 


= 64s 



( 1 ) 


( 2 ) 


(3) 


(4) 


(b) Recognizing that Bi A <0.1, Sphere A can be treated as spacewise isothermal and analyzed 
using the lumped capacitance method. From Eq. 5.6 and 5.7, with T = 415 K 


G_ 


T-T 

1 1 oo 

T-T 

A oo 


exp(-t/r) 


(5) 


Continued 




PROBLEM 5.64 (Cont.) 


T-T 

, _ i 1 x oo 

tA =—Ta In- 

TA. TA m p—|—i 


T-T 

^oo 


: -6400s In 


415-320 

800-320 


TO, 367s = 2.88h. 


Note that since the sphere is nearly isothermal, the surface and inner temperatures are 
approximately the same. 

Since Big >0.1, Sphere B must be treated by the Heisler chart method of solution beginning 
with Figure D.8. Using 


Bio = 


hr G _ 50 W/m 2 Kx(0.015m) 


1.7 W/m-K 


: 0.44 or Bio 1 = 2.27, 


find that for r/r Q = 1, 

0(1,t) T(i b ,t)-T 00 (415-320) 


= 0 . 8 . 


Using Eq. (6) and Figure D.7, find the Fourier number, 

6 0 (T(r Q .t)-T M )/0.8 (415-320)K/0.8 25 Fo = £l = 13 

0i Tj - To. (800-320) K ' ° r< 2 

For 2 1.3 (0.015m) 2 

t B =-2_ =-4-— L — = 110s =1.8 min < 

« 2.656xl0 _e, nU/s 

where a = k/pc = 1.7 W/mK/400 kg/m 3 x 1600 J/kg-K = 2.656x10 ^nTVs. 

(c) To determine the energy change by the spheres during the cooling process, apply the 
conservation of energy requirement on a time interval basis. 

Sphere A: 

Ei n —E ou t=AE — Qa = AE = E(t) — E(0). 

Q a = p cV[T(t)-Tj] = 1600kg/m 3 x400J/kg■ Kx(4/3)^:(0.150m) 3 [415-800]K 

Q a =3.483x10 6 J. < 

Note that this simple expression is a consequence of the spacewise isothermal behavior. 

Sphere B: Ej n - E out = AE - Qg = E (t) - E (0). 


For the nonisothermal sphere, the Groeber chart, Figure D.9, can be used to evaluate Qg. 

With Bi = 0.44 and Bi^Fo = (0.44) 2 xl.3 = 2.52, find Q/Q 0 = 0.74. The energy transfer from 
the sphere during the cooling process, using Eq. 5.44, is 

Qg =0.74 Q 0 =0.74[p cV^ -T^)] 

Qg = 0.75x400kg/m 3 xl600J/kg-K(4/3)TT(0.015m) 3 (800-320)K = 3257 J. < 


COMMENTS: (1) In summary: 

Sphere 

Bi = hr Q /k 

t(s) 

t(s) 

Q(J) 

A 

4.41x10 3 

6400 

10,370 

3.48x10' 

B 

0.44 

64 

110 

3257 



PROBLEM 5.65 


KNOWN: Spheres of 40-mm diameter heated to a uniform temperature of 400°C are suddenly 
removed from an oven and placed in a forced-air bath operating at 25 °C with a convection coefficient 
of 300 W/m 2 K. 


FIND: (a) Time the spheres must remain in the bath for 80% of the thermal energy to be removed, 
and (b) Uniform temperature the spheres will reach when removed from the bath at this condition and 
placed in a carton that prevents further heat loss. 


SCHEMATIC: 



Sphere, D = 40 mm 
T(r,0) = Tj = 400°C 
(p, c, k) 


Energy out, Q(t) 


ASSUMPTIONS: (1) One-dimensional radial conduction in the spheres, (2) Constant properties, and 
(3) No heat loss from sphere after removed from the bath and placed into the packing carton. 

PROPERTIES: Sphere {given)-, p = 3000 kg/m 3 , c = 850 J/kg-K, k = 15 W/m-K. 


ANALYSIS: (a) From Eq. 5.52, the fraction of thermal energy removed during the time interval At = 


t 0 is 

7 ^- = 1-300/Cl 3 [sin (Cl) - Cl cos (Cl)] (1) 

Vo 

where Q/Q 0 = 0.8. The Biot number is 

Bi = hr G /k = 300 W/m 2 ■ Kx0.020m/15 W/m K = 0.40 
and for the one-term series approximation, from Table 5.1, 

Ci =1.0528 rad C x =1.1164 (2) 

The dimensionless temperature 0*, Eq. 5.31, follows from Eq. 5.50. 

0* =Ciexp(-C 2 Fo) (3) 

2 

where Fo = a t 0 / r 0 . Substituting Eq. (3) into Eq. (1), solve for Fo and t G . 

^- = 1-3 C] exp (-C] 2 Fo)/Cj 3 [sin (Ci) - Cl cos (Ci)] (4) 

Fo = 1.45 t Q =98.6 s < 

(b) Performing an overall energy balance on the sphere during the interval of time t 0 < t < °°, 

Ej n — E out = AE = Ef — Ej = 0 (5) 

where E; represents the thermal energy in the sphere at t 0 , 

Ej = (1 - 0.8) Q 0 = (1 - 0.8) pcV (Ti - ^) (6) 


and Ef represents the thermal energy in the sphere at t = 
Ef = pcV (Tavg — Too ) 

Combining the relations, find the average temperature 


pcV 


(Tavg — Too) - (1 — 0.8)(Tj - Too) 


= 0 


(7) 


T avg =100°C 


< 



PROBLEM 5.66 


KNOWN: Diameter, density, specific heat and thermal conductivity of Pyrex spheres in packed bed 
thermal energy storage system. Convection coefficient and inlet gas temperature. 

FIND: Time required for sphere to acquire 90% of maximum possible thermal energy and the 
corresponding center temperature. 

SCHEMATIC: 


Pyrex sphere 
D = 75 mm, Tj = 25°C 
p = 2225 kg/m 3 
c = 835 J/kg-K 
k = 1.4 W/m-K 



ASSUMPTIONS: (1) One-dimensional radial conduction in sphere, (2) Negligible heat transfer to or 
from a sphere by radiation or conduction due to contact with adjoining spheres, (3) Constant 
properties. 

ANALYSIS: With Bi = h(r 0 /3)/k = 75 W/m 2 -K (0.0125m)/1.4 W/m-K = 0.67, the approximate 
solution for one-dimensional transient conduction in a sphere is used to obtain the desired results. We 

first use Eq. (5.52) to obtain 9*. 


9 , 




3[sin(£i)- Cl cos(Ci)] 
1, Ci =2.02 
0.1(2.03)' 


1- 


_Q_ 

Qo 


With Bi = hr Q /k = 2.01, Ci = 2.03 and Ci - 1.48 from Table 5.1. Hence, 

fl*_ _ 0 - 837 _A ICC 

° 3[0.896-2.03(-0.443)] 5.386 

The center temperature is therefore 

T 0 = T g i + 0.155 (Tj -T g?i ) = 300°C - 42.7°C = 257.3°C 
From Eq. (5.50c), the corresponding time is 


t = — 




-In 


* i 

X 

Ci 


where a = k/pc = 1.4 W/m • K/(2225kg/m 3 x835 J/kg • K j = 7.54x10 7 m 2 /s. 


(0.0375m) 2 In (0.155/1.48) 

t = -2-'-2- _L = 1 5 020s < 

7.54xl0 _7 m 2 /s (2.03) 2 


COMMENTS: The surface temperature at the time of interest may be obtained from Eq. (5.50b). 
With r* = 1, 


/ x0o s i n (Cl) 

T s = T„ j + (Tj — T„ j )-9-= 300°C - 275°C 

’ Cl 


0.155x0.896 


280.9°C 




















PROBLEM 5.67 


KNOWN: Initial temperature and properties of a solid sphere. Surface temperature after immersion in a 
fluid of prescribed temperature and convection coefficient. 

FIND: (a) Time to reach surface temperature, (b) Effect of thermal diffusivity and conductivity on 
thermal response. 


SCHEMATIC: 


D = 0.1 m 


__ 1.5 < k< 150 W/m-K 

700=75 00 =: \2y 10- 6 <oc< 10- 4 m 2 /s 

h = 300 W/m 2 'K 7) = 25 °C 

ASSUMPTIONS: (1) One-dimensional, radial conduction, (2) Constant properties. 
ANALYSIS: (a) For k = 15 W/m-K, the Biot number is 

Ei _ h (W3) _ 300 W/m 2 ■ K(0.05m/3) _ Q ^ 
k 15 W/m-K 

Hence, the lumped capacitance method cannot be used. From Equation 5.50a, 


T-Xv 


— C^xpl-^Fo) 


sin 


Ti-Too ‘ -v ' Cir‘ 

At the surface, r* = 1. From Table 5.1, for Bi = 1.0, i^i = 1.5708 rad and Ci = 1.2732. Hence, 


60-75 
25 


—— = 0.30 = 1.2732exp (-1.5708 2 Fo)^ 


sin 90° 


5708 


exp(-2.467Fo) = 0.370 


Fo = ^ = 0.403 

r o 


r 2 (0.05 m) 

t = 0.403 -5- = 0.403 v _ I = 100s 


a 


10~ 5 m 2 /s 


(b) Using the IHT Transient Conduction Model for a Sphere to perform the parametric calculations, the 
effect of a is plotted for k = 15 W/m-K. 


Continued... 



PROBLEM 5.67 (Cont.) 



—©— k = 15 W/m.K, alpha = 1E-4 m A 2/s 
—a— k = 15 W/m.K, alpha = 1E-5 m A 2/s 
—b— k = 15 W/m.K, alpha = 1 E-6m A 2/s 



—©— k = 15 W/m.K, alpha = 1 E-4 m A 2/s 
k = 15 W/m.K, alpha = IE-5 m A 2/s 
—b— k = 15 W/m.K, alpha = 1E-6 m A 2/s 


For fixed k and increasing a. there is a reduction in the thermal capacity (pc p ) of the material, and hence 
the amount of thermal energy which must be added to increase the temperature. With increasing a, the 
material therefore responds more quickly to a change in the thermal environment, with the response at 
the center lagging that of the surface. 

The effect of k is plotted for a = 10 5 m 2 /s. 




—©— k = 1.5 W/m.K, alpha = 1 E-5 m A 2/s 
a k = 15 W/m.K, alpha = 1 E-5 m A 2/s 
■■ k = 150W/m.K, alpha = 1 E-5 m A 2/s 


—©— k = 1.5 W/m.K, alpha = 1 E-5 m A 2/s 
—a— k = 15 W/m.K, alpha = 1 E-5 m A 2/s 
—B— k =150 W/m.K, alpha = 1 E-5m A 2/s 


With increasing k for fixed alpha, there is a corresponding increase in pc p , and the material therefore 
responds more slowly to a thermal change in its surroundings. The thermal response of the center lags 
that of the surface, with temperature differences, T(r 0 ,t) - T(0,t), during early stages of solidification 
increasing with decreasing k. 

COMMENTS: Use of this technique to determine h from measurement of T(r 0 ) at a prescribed t 
requires an interative solution of the governing equations. 




PROBLEM 5.68 


KNOWN: Properties, initial temperature, and convection conditions associated with cooling of glass 
beads. 


FIND: (a) Time required to achieve a prescribed center temperature, (b) Effect of convection coefficient 
on center and surface temperature histories. 


SCHEMATIC: 


T„ = 15 °c : 

100 <h< 1000 W/m 2 -K 



Glass beads 

7, = 477 °C, 7(0,ff) = 80 °C 
p = 2200 kg/m 3 , c p = 800 J/kg-K 
k = 1.4 W/m-K 
D = 0.003 m 


ASSUMPTIONS: (1) One-dimensional conduction in r, (2) Constant properties, (3) Negligible 
radiation, (4) Fo > 0.2. 


ANALYSIS: (a) With h = 400 W/m 2 -K, Bi s h(ro/3)/k = 400 W/m 2 -K(0.0005 m)/1.4 W/m-K = 0.143 and 
the lumped capacitance method should not be used. From the one-term approximation for the center 
temperature, Eq. 5.50c, 




80-15 


= 0.141 = Q exp(-^ 2 Fo) 


Tj - Too 477-15 

For Bi s hiVk = 0.429, Table 5.1 yields ^ =1.101 rad and C, = 1.128. Hence, 


Fo = —In 

Cl 2 


f *\ 

_o 

Cl 

v J 


( 1 . 101 )" 


-In 


0.141 

1.128 


: 1.715 


t = 1.715r 2 = 1.715(0.0015m) 


2 2200kg/m J x800J/kg-K 


= 4.85s 


1.4W/m- K 

From Eq. 5.50b, the corresponding surface (r = 1) temperature is 

T(r o ,t) = T oo +(T i -T oo )0*^^ = 15°C + (462 o c)o.l41^^ = 67.8°C 

Q l ' ’ 1.101 

(b) The effect of h on the surface and center temperatures was determined using the IHT Transient 
Conduction Model for a Sphere. 


< 

< 




—©— h = 100 W/m A 2.K, r = 0 
—a— h = 400 W/m A 2.K, r = 0 
—B— h = 1000 W/m A 2.K, r = 0 



h = 100 W/m A 2.K, r = ro 
h = 400 W/m A 2.K, r = ro 
h = 1000 W/m A 2.K, r = ro 


Continued... 





PROBLEM 5.68 (Cont.) 


2 

The cooling rate increases with increasing h, particularly from 100 to 400 W/nT-K. The temperature 
difference between the center and surface decreases with increasing t and, during the early stages of 
solidification, with decreasing h. 

COMMENTS: Temperature gradients in the glass are largest during the early stages of solidification 
and increase with increasing h. Since thermal stresses increase with increasing temperature gradients, the 
propensity to induce defects due to crack formation in the glass increases with increasing h. Hence, there 
is a value of h above which product quality would suffer and the process should not be operated. 



PROBLEM 5.69 


KNOWN: Temperature requirements for cooling the spherical material of Ex. 5.4 in air and in a 
water bath. 

FIND: (a) For step 1, the time required for the center temperature to reach T(0,t) = 335°C while 

2 

cooling in air at 20°C with h = 10 W/m K; find the Biot number; do you expect radial gradients to be 

appreciable?; compare results with hand calculations in Ex. 5.4; (b) For step 2, time required for the 

2 

center temperature to reach T(0,t) = 50°C while cooling in water bath at 20°C with h = 6000 W/m K; 
and (c) For step 2, calculate and plot the temperature history, T(x,t) vs. t, for the center and surface of 
the sphere; explain features; when do you expect the temperature gradients in the sphere to the largest? 
Use the IHT Models I Transient Conduction I Sphere model as your solution tool. 

SCHEMATIC: 





Step 1 


Too = 20°C 
h = 10 W/m 2 -K 




ste P 2 T w (0, t w ) = 50°C 


Spheres, r 0 = 5 mm 
p = 3000 kg/m 3 
c = 1 kJ/kg-K 
k = 20 W/m-K 
a = 6.6x10‘ 6 m 2 /s 


ASSUMPTIONS: (1) One-dimensional conduction in the radial direction, (2) Constant properties. 

ANALYSIS: The IHT model represents the series solution for the sphere providing the temperatures 
evaluated at (r,t). A selected portion of the IHT code used to obtain results is shown in the Comments. 

(a) Using the IHT model with step 1 conditions, the time required for T(0,t a ) = T_xt = 335°C with r = 
0 and the Biot number are: 

t a = 94.2 s Bi = 0.0025 < 

Radial temperature gradients will not be appreciable since Bi = 0.0025 « 0.1. The sphere behaves as 
space-wise isothermal object for the air-cooling process. The result is identical to the lumped- 
capacitance analysis result of the Text example. 


(b) Using the IHT model with step 2 conditions, the time required for T(0,t w ) = T_xt = 50°C with r = 0 
and Tj = 335°C is 


t w =3.0 s < 

Radial temperature gradients will be appreciable, since Bi = 1.5 » 0.1. The sphere does not behave 
as a space-wise isothermal object for the water-cooling process. 

(c) For the step 2 cooling process, the temperature histories for the center and surface of the sphere are 
calculated using the IHT model. 


Continued 





PROBLEM 5.69 (Cont.) 


o 



Tim e, t (s) 


-Surface, r = ro 

—Center, r = 0 


At early times, the difference between the center and surface temperature is appreciable. It is in this 
time region that thermal stresses will be a maximum, and if large enough, can cause fracture. Within 6 
seconds, the sphere has a uniform temperature equal to that of the water bath. 

COMMENTS: Selected portions of the IHT sphere model codes for steps 1 and 2 are shown below. 

/* Results, for part (a), step 1, air cooling; clearly negligible gradient 
Bi Fo t T_xt Ti r ro 

0.0025 25.13 94.22 335 400 0 0.005 */ 

// Models | Transient Conduction | Sphere - Step 1, Air cooling 

// The temperature distribution T(r,t) is 

T_xt = T_xt_trans("Sphere",rstar,Fo,Bi,Ti,Tinf) // Eq 5.47 

T_xt = 335 // Surface temperature 


/* Results, for part (b), step 2, water cooling; Ti = 335 C 
Bi Fo t T_xt Ti r ro 

1.5 0.7936 2.976 50 335 0 0.005 */ 

// Models | Transient Conduction | Sphere - Step 2, Water cooling 

// The temperature distribution T(r,t) is 

T_xt = T_xt_trans("Sphere",rstar,Fo,Bi,Ti,Tinf) // Eq 5.47 

//T_xt = 335 // Surface temperature from Step 1; initial temperature for Step 2 

T_xt = 50 // Center temperature, end of Step 2 



PROBLEM 5.70 


KNOWN: Two large blocks of different materials - like copper and concrete - at room 
temperature, 23 °C. 

FIND: Which block will feel cooler to the touch? 

SCHEMATIC: 



ASSUMPTIONS: (1) Blocks can be treated as semi-infinite solid, (2) Hand or finger 
temperature is 37 °C. 

PROPERTIES: Table A-l, Copper (300K): p = 8933 kg/m 3 , c = 385 J/kg-K, k = 401 
W/m-K; Table A-3, Concrete, stone mix (300K): p = 2300 kg/m 3 , c = 880 J/kg-K, k = 1.4 
W/m-K. 

ANALYSIS: Considering the block as a semi-infinite solid, the heat transfer situation 
corresponds to a sudden change in surface temperature. Case 1, Figure 5.7. The sensation of 
coolness is related to the heat flow from the hand or finger to the block. From Eq. 5.58, the 
surface heat flux is 


q'(t) = k(T s -Ti)/(^« t) 1/2 


( 1 ) 


or 


(t) ~ (kp c)^ 2 since a = k/pc. (2) 

Hence for the same temperature difference, T s - Tj, and elapsed time, it follows that the heat 
fluxes for the two materials are related as 


4s,copper 
// 

4s,concrete 


( k P c ), 


1/2 

copper 


W ke J 

401——x 8933—rx 385 


-il/2 


m-K 


m 


kg-K 


(kp c) 


1/2 

concrete 


W ke J 

1.4—— x 2300-^x880- 


m-K 


nr 


kg-K 


1/2 


22.1 


Hence, the heat flux to the copper block is more than 20 times larger than to the concrete 
block. The copper block will therefore feel noticeably cooler than the concrete one. 



PROBLEM 5.71 


KNOWN: Asphalt pavement, initially at 50°C, is suddenly exposed to a rainstorm reducing the 
surface temperature to 20° C. 

2 

FIND: Total amount of energy removed (J/m ) from the pavement for a 30 minute period. 

SCHEMATIC: 



ASSUMPTIONS: (1) Asphalt pavement can be treated as a semi-i nf inite solid, (2) Effect of 
rainstorm is to suddenly reduce the surface temperature to 20° C and is maintained at that level for 
the period of interest. 

PROPERTIES: Table A-3, Asphalt (300K): p = 2115 kg/m 3 , c = 920 J/kg-K, k = 0.062 
W/m-K. 


ANALYSIS: This solution corresponds to Case 1, Figure 5.7, and the surface heat flux is given by 
Eq. 5.58 as 

c ls( t ) = k(T s -Tj)/(jta \y 1 (1) 

The energy into the pavement over a period of time is the integral of the surface heat flux expressed 
as 

Q' = f o q;(t)dt (2) 

Note that q^ (t) is into the solid and, hence, Q represents energy into the solid. Substituting Eq. (1) 
for q^ (t) into Eq. (2) and integrating fmd 

Q" = k (T s -Tj)/(jca ) 1/2 f t' 1/2 dt = EEl/il x 2 t 1/2 . (3) 

0 (jTOC )‘ /2 


Substituting numerical values into Eq. (3) with 

k 0.062 W/m ■ K 

a = 


P c 2115 kg/nr 3 x920 J/kg-K 


■ = 3.18xl0 _8 m 2 /s 


find that for the 30 minute period, 

„ 0.062 W/m K (20-50) K . , 1/2 s 9 

Q =---j-^-x2(30x60s) 1/z = -4.99x10^ J/m 2 . 


7tx3.18xl0' 8 m 2 /s 


COMMENTS: Note that the sign for Q" is negative implying that energy is removed from the 
solid. 



PROBLEM 5.72 


KNOWN: Thermophysical properties and initial temperature of thick steel plate. Temperature of 
water jets used for convection cooling at one surface. 

FIND: Time required to cool prescribed interior location to a prescribed temperature. 

SCHEMATIC: 


T s - Tqq 

Steel, T| = 300°C 
p = 7800 kg/m 3 
c = 480 J/kg-K 
k = 50 W/m-K 



Water jets, T^, = 25°C 


x 

— 0.025 m 

T(0.025 m, t) = 50°C 


ASSUMPTIONS: (1) One-dimensional conduction in slab, (2) Validity of semi-infinite medium 

approximation, (3) Negligible thermal resistance between water jets and slab surface (T s = Too), (4) 
Constant properties. 

ANALYSIS: The desired cooling time may be obtained from Eq. (5.57). With T(0.025m, t) = 50°C, 


T(x,t)-T s 

Ti-T s 


(50-25)°C 

(300-25)°C 


= 0.0909 = erf 


2 Vat 


—= 0.0807 
2Vat 


t = 


(0.025m)" 


(0.0807 f 4a 0.026l(l.34xl0~ 5 m 2 /s) 


=1793s 


< 


where a = k/pc = 50 W/m-K/(7800 kg/m 3 x 480 J/kg-K) = 1.34 x 10' 5 m 2 /s. 

4 2 

COMMENTS: (1) Large values of the convection coefficient (h ~ 10 W/m K) are associated with 
water jet impingement, and it is reasonable to assume that the surface is immediately quenched to the 

temperature of the water. (2) The surface heat flux may be determined from Eq. (5.58). In principle, 

1/2 

the flux is infinite at t = 0 and decays as t 




PROBLEM 5.73 


KNOWN: Temperature imposed at the surface of soil initially at 20°C. See Example 5.5. 

FIND: (a) Calculate and plot the temperature history at the burial depth of 0.68 m for selected soil 

7 2 

thermal diffusivity values, a x 10 =1.0, 1.38, and 3.0 m /s, (b) Plot the temperature distribution over 
the depth 0 < x < 1.0 m for times of 1, 5, 10, 30, and 60 days with a = 1.38 x 10 7 m“/s, (c) Plot the 

surface heat flux, (0, t), and the heat flux at the depth of the buried main, C[" x (0.68m, t), as a 

-7 2 

function of time for a 60 day period with a=1.38xlO m/s. Compare your results with those in the 
Comments section of the example. Use the IHT Models I Transient Conduction I Semi-infinite 
Medium model as the solution tool. 

SCHEMATIC: 


Tq = -15°C 


r 


Soil, T| = 20°C 

axlO 7 = 1.0,1.38, or 3.0 m 2 /s 
k = 0.52 W/m-K 


x m = 0.68 m 


v_ 


Water main 


ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Soil is a semi-infinite 
medium, and (3) Constant properties. 

ANALYSIS: The IHT model corresponds to the case 1, constant surface temperature sudden 
boundary condition, Eqs. 5.57 and 5.58. Selected portions of the IHT code used to obtain the 
graphical results below are shown in the Comments. 

(a) The temperature history T(x,t) for x = 0.68 m with selected soil thermal diffusivities is shown 
below. The results are directly comparable to the graph shown in the Ex. 5.5 comments. 

x= 0.68 m, T(0,t) = Ts = -1 5C, T(x,0) = 20C 



alpha = 1.00e-7 m A 2/s 
alpha = 1.38e-7 m A 2/s 
alpha = 3.00e-7 m A 2/s 


Continued 





PROBLEM 5.73 (Cont.) 


(b) The temperature distribution T(x,t) for selected times is shown below. The results are directly 
comparable to the graph shown in the Ex. 5.5 comments. 



1 day 
5 days 
10 days 
30 days 
60 days 


(c) The heat flux from the soil, t\ x (0, t), and the heat flux at the depth of the buried main, 
q'x (0.68m,t), are calculated and plotted for the time period 0 < t < 60 days. 



-Surface heat flux, x = 0 

—Buried-m ain depth, x = 0.68 m 


Both the surface and buried-main heat fluxes have a negative sign since heat is flowing in the negative 
x-direction. The surface heat flux is initially very large and, in the limit, approaches that of the buried- 
main heat flux. The latter is initially zero, and since the effect of the sudden change in surface 
temperature is delayed for a time period, the heat flux begins to slowly increase. 


Continued 






PROBLEM 5.73 (Cont.) 


COMMENTS: (1) Can you explain why the surface and buried-main heat fluxes are nearly the same 
at t = 60 days? Are these results consistent with the temperature distributions? What happens to the 
heat flux values for times much greater than 60 days? Use your IHT model to confirm your 
explanation. 


(2) Selected portions of the IHT code for the semi-infinite medium model are shown below. 


// Models | Transient Conduction | Semi-infinite Solid | Constant temperature Ts 

/* Model : Semi-infinite solid, initially with a uniform temperature T(x,0) = Ti, suddenly subjected to 
prescribed surface boundary conditions. */ 

//The temperature distribution (Tx,t) is 

T_xt = T_xt_semi_CST(x,alpha,t,Ts,Ti) // Eq 5.55 

// The heat flux in the x direction is 

q"_xt = qdprime_xt_semi_CST(x,alpha,t,Ts,Ti,k) //Eq 5.56 

// Input parameters 

/* The independent variables for this system and their assigned numerical values are 7 
Ti = 20 // initial temperature, C 

k = 0.52 // thermal conductivity, W/m.K; base case condition 

alpha = 1,38e-7 // thermal diffusivity, m A 2/s; base case 

//alpha = 1.0e-7 
//alpha = 3.0e-7 

// Calculating at x-location and time t, 

x = 0 //m, surface 

//x = 0.68 //m, burial depth 

t = t_day * 24 * 3600 // seconds to days time covnersion 

//t_day = 60 

//t_day = 1 

//t_day = 5 

//t_day = 10 

//t_day = 30 

t_day = 20 


// Surface condition: constant surface temperature 
Ts = -15 // surface temperature, K 



PROBLEM 5.74 


KNOWN: Tile-iron, 254 mm to a side, at 150°C is suddenly brought into contact with tile over a 
subflooring material initially at T ; = 25°C with prescribed thermophysical properties. Tile adhesive 
softens in 2 minutes at 50°C, but deteriorates above 120°C. 

FIND: (a) Time required to lift a tile after being heated by the tile-iron and whether adhesive 
temperature exceeds 120°C, (2) How much energy has been removed from the tile-iron during the time it 
has taken to lift the tile. 

SCHEMATIC: 



ASSUMPTIONS: (1) Tile and subflooring have same thermophysical properties, (2) Thickness of 
adhesive is negligible compared to that of tile, (3) Tile-subflooring behaves as semi-infinite solid 
experiencing one-dimensional transient conduction. 

PROPERTIES: Tile-subflooring (given): k = 0.15 W/m-K, pc p = 1.5 X 10 6 J/m 3 K, a = k/pc p = 1.00 X 
10 7 m 2 /s. 


ANALYSIS: (a) The tile-subflooring can be approximated as a semi-infinite solid, initially at a uniform 
temperature T; = 25°C, experiencing a sudden change in surface temperature T s = T(0,t) = 150°C. This 
corresponds to Case 1, Figure 5.7. The time required to heat the adhesive (x Q = 4 mm) to 50°C follows 
from Eq. 5.57 


T(x 0 ,to) T s 

Ti-T s 


= erf 


2(cft 0 ) 


1/2 


50-150 

25-150 


0.80 = erf 


0.004 m 


:(i. 

(6.325to 1/2 ) 


00x10 7 m 2 /sxt 


0/2 

°J 


t D = 48.7s = 0.81 min 


using error function values from Table B.2. Since the softening time, At s , for the adhesive is 2 minutes, 
the time to lift the tile is 


tf = to + At s = (0.81 + 2.0)min = 2.81min. 

To determine whether the adhesive temperature has exceeded 120°C, calculate its temperature at I f 
2.81 min; that is, find T(x 0 , t^) 

\ 

0.004 m 

1/2 

2(l.0xl0~ 7 m 2 /sx2.81x60s) 


T (x o ,tg)-150 

25-150 


= erf 


< 


v 


Continued... 



PROBLEM 5.74 (Cont.) 


T(x o ,t<?)-150 = -125 erf (0.4880) = 125x0.5098 
T(x 0 ,t<?) = 86°C 


Since T(x c , ) < 120°C, the adhesive will not deteriorate. 

(b) The energy required to heat a tile to the lift-off condition is 

Q = I{) / q x ( 0 >t) Ab¬ 
using Eq. 5.58 for the surface heat flux q"(t) = q"(0,t), find 


n _ fti k(T s -Tj) dt 

J ° m 1/2 % 1/2 


2k(T s -Tj) 

(™) 1/2 


A t 1/2 
A s V 


< 


2x0.15W/m-K(150-25)°C 

(ttxI.OOxIO -7 m 2 /sj 


(0.254m) 2 x(2.81x60s) 1/2 


= 56 kJ 


< 


COMMENTS: (1) Increasing the tile-iron temperature would decrease the time required to soften the 
adhesive, but the risk of burning the adhesive increases. 


(2) From the energy calculation of part (b) we can estimate the size of an electrical heater, if operating 
continuously during the 2.81 min period, to maintain the tile-iron at a near constant temperature. The 
power required is 

P = Q/t(? = 56kJ/2.81x60s = 330W . 

Of course a much larger electrical heater would be required to initially heat the tile-iron up to the 
operating temperature in a reasonable period of time. 



PROBLEM 5.75 


KNOWN: Heat flux gage of prescribed thickness and thermophysical properties (p, c p , k) 
initially at a uniform temperature, T h is exposed to a sudden change in surface temperature 
T(0,t) = T s . 

FIND: Relationships for time constant of gage when (a) backside of gage is insulated and (b) 
gage is imbedded in semi-infinite solid having the same thermophysical properties. Compare 

with equation given by manufacturer, r = ^4d 2 p c p j//r 2 k. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties. 

ANALYSIS: The time constant r is defined as the time required for the gage to indicate, 
following a sudden step change, a signal which is 63.2% that of the steady-state value. The 
manufacturer’s relationship for the time constant 

r = ^4d 2 p c p j/;r 2 k 

can be written in terms of the Fourier number as 

Fo = ^ = J^4= 4= 0.4053. 
d 2 pc p d 2 k 1 

The Fourier number can be determined for the two different installations. 

(a) For the gage having its backside insulated, the 
surface and backside temperatures are T s and 
T(0,t), respectively. From the sketch it follows 
that 


0 r 


T(0,t)-T s 

Ti-T s 


0.368. 



From Eq. 5.41, 

6* = 0.368 = C 1 exp(-^ 2 Fo) 

Using Table 5.1 with Bi = 100 (as the best approximation for Bi = hd/k —> °o, corresponding 
to sudden surface temperature change with h —» °o), ^ = 1.5552 rad and Ci = 1.2731. Hence, 

0.368 = 1.2731exp(-1.5552 2 xFo a ) 


Fo a =0.513. 


Continued 









PROBLEM 5.75 (Cont.) 


(b) For the gage imbedded in a semi-infinite 
medium having the same thermophysical 
properties, Table 5.7 (case 1) and Eq. 5.57 yield 

T(x,t 

T i- „ 

d/2(ar) 1/2 =0.3972 


)-T s 


T c 


= 0.368 = erf 


d/2(ar) 


1/2 



F°b = =---— = 1.585 < 

d z (2x0.3972) z 

COMMENTS: Both models predict higher values of Fo than that suggested by the 
manufacturer. It is understandable why Fo^ > Fo a since for (b) the gage is thermally 
connected to an infinite medium, while for (a) it is isolated. From this analysis we conclude 
that the gage’s transient response will depend upon the manner in which it is applied to the 
surface or object. 







PROBLEM 5.76 


KNOWN: Procedure for measuring convection heat transfer coefficient, which involves 
melting of a surface coating. 

FIND: Melting point of coating for prescribed conditions. 

SCHEMATIC: 


Melting (§) 
t m =400s 



-/a,=300°C, h=Z00W/7n z -K 

Coating, T m 
"Insulator, k r^j 0 


Copper rod,~Tj-Z5°C 


ASSUMPTIONS: (1) One-dimensional conduction in solid rod (negligible losses to 
insulation), (2) Rod approximated as semi-infinite medium, (3) Negligible surface radiation, 
(4) Constant properties, (5) Negligible thermal resistance of coating. 

PROPERTIES: Copper rod (Given): k = 400 W/m-K, a = 10 4 itT/s. 


ANALYSIS: Problem corresponds to transient conduction in a semi-infinite solid. Themal 
response is given by 


T(x,t) — Ti 


T -T 

x oo 


f 


= erfc 


2(a t) 


1/2 


J L 


exp 


hx 


- + - 


i 2 3 

ha t 


J J 


erfc 


2(a t) 


, 1/2 


+ 


h(a t) 


1/2 ) 


For x = 0, erfc(O) = 1 and T(x,t) = T(0,t) = T s . Hence 

f 

, , h(a 

erfc 


T -T 

s 1 -1-exp 


^h 2 a t ^ 


Ti 




with 


1/2 

h(a t m ) 1/2 200 W/m 2 K(lO' 4 m 2 /sx400 s) 

k _ 400 W/m ■ K 

T s =T m =T i +(T oo -T i )[l-exp(0.0l)erfc(0.l)] 


T s = 25° C + 275° C[l-1.01x 0.888] = 53.5° C. 


< 


COMMENTS: Use of the procedure to evaluate h from measurement of t m necessitates 
iterative calculations. 


PROBLEM 5.77 

KNOWN: Irreversible thermal injury (cell damage) occurs in living tissue maintained at T > 48°C for a 
duration At > 10s. 


FIND: (a) Extent of damage for 10 seconds of contact with machinery in the temperature range 50 to 
100°C. (b) Temperature histories at selected locations in tissue (x = 0.5, 1, 5 mm) for a machinery 
temperature of 100°C. 




T b = 48 °C 
T,= 37 °C 


x x b 0 

ASSUMPTIONS: (1) Portion of worker’s body modeled as semi-infinite medium, initially at a uniform 
temperature, 37°C, (2) Tissue properties are constant and equivalent to those of water at 37°C, (3) 
Negligible contact resistance. 

PROPERTIES: Table A-6, Water, liquid (T = 37°C = 310 K): p = l/v f = 993.1 kg/m 3 , c = 4178 J/kg-K, 
k = 0.628 W/m-K, a = k/pc = 1.513 x 10' 7 m 2 /s. 

ANALYSIS: (a) For a given surface temperature - suddenly applied - the analysis is directed toward 
finding the skin depth x b for which the tissue will be at T b > 48°C for more than 10s? From Eq. 5.57, 

T(*b.0-Ts __,r , 


= erf x b /2(at) "" =erf[w]. 


T -T 
A i A s 


For the two values of T s , the left-hand side of the equation is 


T s = 100 C : 


The burn depth is 


(48-100)° C 
(37-100)° C 


: 0.825 


T s = 50 C : 


(48-50)° C 
(37-50)°C 


: 0.154 


1/2 

x b =[w]2(at) 1/2 = [w]2(l.513xl0~ 7 m 2 /sxt) " = 7.779xl0“ 4 [w]t 1/2 . 


Continued... 



PROBLEM 5.77 (Cont.) 


Using Table B.2 to evaluate the error function and letting t = 10s, find x b as 

T s = 100°C: x b = 7.779 x 10 4 [0.96](10s) 1/2 = 2.362 x 10 3 m = 2.36 mm < 

T s = 50°C: x b = 7.779 x 10 4 [0.137](10s) 1/2 = 3.37 x 10 3 m = 0.34 mm < 

Recognize that tissue at this depth, x b , has not been damaged, but will become so if T s is maintained for 
the next 10s. We conclude that, for T s = 50°C, only superficial damage will occur for a contact period of 
20s. 

(b) Temperature histories at the prescribed locations are as follows. 

97 

87 
o 

I- 77 

<j> 

3 

£ 67 

CD 

Q- 

E 

® 57 

47 
37 

0 15 30 

Time, t(s) 

—©— x = 0.5 mm 
—— x = 1.0 mm 
—B— x = 2.0 mm 



The critical temperature of 48°C is reached within approximately Is at x = 0.5 mm and within 7s at x = 2 
mm. 

COMMENTS: Note that the burn depth x b increases as t l/2 . 




PROBLEM 5.78 


KNOWN: Thermocouple location in thick slab. Initial temperature. Thermocouple measurement 
two minutes after one surface is brought to temperature of boiling water. 

FIND: Thermal conductivity of slab material. 

SCHEMATIC: 


T(0,t)=T r -10CrC- 

T(x,0) = 7j = 30°C - 

fi =2200kg/m 3 

C = 700J/kg-K 


y Thermocouple, 

-l T(0.0lm,120s)=65°C 




ASSUMPTIONS: (1) One-dimensional conduction in x, (2) Slab is semi-i nf inite medium, (3) 
Constant properties. 

PROPERTIES: Slab material (given): p = 2200 kg/m 3 , c = 700 J/kg-K. 

ANALYSIS: For the semi-infinite medium from Eq. 5.57, 

T(x,t)-T s 


Ti-T s 


65 -100 
30-100 


■ = erf 


■ erf 


2 (a t) 
0.01m 


1/2 


erf 


0.01m 


2 (axl20s) 


2 (axl20s) 
0.5. 


1/2 


1/2 


From Appendix B, find for erf w = 0.5 that w = 0.477; hence, 
0.01m 


1/2 


0.477 


2 (a xl20s) 

(axl20) 1/2 =0.0105 
a =9.156xl0 _7 m 2 /s. 

It follows that since a = k/pc, 
k =ap c 

k=9.156xl0' 7 m 2 /sx2200kg/m 3 x700 J/kg -K 


k= 1.41 W/m-K. 



PROBLEM 5.79 


KNOWN: Initial temperature, density and specific heat of a material. Convection coefficient and 
temperature of air flow. Time for embedded thermocouple to reach a prescribed temperature. 

FIND: Thermal conductivity of material. 

SCHEMATIC: 



x m = 0.01 m 


x 


* 


To, = 25°C 
h = 200 W/m 2 -K 



Material of unknown k 
T| = 100°C 
p = 950 kg/m3 
c p = 1100 J/kg-K 




Thermocouple junction 
T(0.01 m, 5 min) 


ASSUMPTIONS: (1) One-dimensional conduction in x, (2) Sample behaves as a semi-infinite 
modium, (3) Constant properties. 

ANALYSIS: The thermal response of the sample is given by Case 3, Eq. 5.60, 


T(x,t)-Tj 

Too-Ti 


= erfc 


f x ^ 

v 2^/at j 


exp 


hx 


- + - 


i 2 5 

hat 


yj 


erfc 


2Vat 


+ 


hVat 

k 




J J 


where, for x = 0.01m at t = 300 s, [T(x,t) - Ti]/(Too - T;) = 0.533. The foregoing equation must be 
solved iteratively for k, with a = k/pc p . The result is 


k = 0.45 W/m -K < 

with a = 4.30 x IQ' 7 m7s. 

COMMENTS: The solution may be effected by inserting the Transient Conduction/Semi-infinite 
Solid/Surface Conduction Model of IHT into the work space and applying the IHT Solver. However, 
the ability to obtain a converged solution depends strongly on the initial guesses for k and a. 



PROBLEM 5.80 


KNOWN: Very thick plate, initially at a uniform temperature, T ; , is suddenly exposed to a surface 
convection cooling process (Too,h). 

FIND: (a) Temperatures at the surface and 45 mm depth after 3 minutes, (b) Effect of thermal 
diffusivity and conductivity on temperature histories at x = 0, 0.045 m. 

SCHEMATIC: 



(Tj= 325 °C 

< 5.6x1 O' 7 < a <_ 5.6x1 O' 5 m 2 /s 
(2 < k < 200 W/m«K 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Plate approximates semi-infinite medium, (3) 
Constant properties, (4) Negligible radiation. 


ANALYSIS: (a) The temperature distribution for a semi-infinite solid with surface convection is given 
by Eq. 5.60. 


T(x,t)-Tj 

Toe -Tj 


= erfc 


f A 

x 


2 (at) 


1/2 


exp 


f 2 A 

hx fTat ’ 
— +- 


v 


k k J 


) 


erfc 


2 (at) 


x h(at) 


1/2 A 


1/2 


At the surface, x = 0, and for t = 3 min = 180s, 


T(0,180s)-325°C 
(15-325)° C 


= erfc(0)- 


exp 


»2 ,, 2 /_4 2 


-6 . 2 , 


0 + 


100“ W z 7nTK z 'x5.6xlO u ni/sxl80s 


erfc 


(20W/mK)‘ 

; ( 5f 


) 


100 w/m“ • K (5.6x10 6 m 2 /sxl80s) 1/ *' ^ 
0 +------— 


20 W/m • K 


= 1 - [exp (0.02520)]x [erfc (0.159)] = 1 - 1.02552X (l - 0.178) 


T(0,180s) = 325°C-(l5-325)°C-(1-1.0255x0.822) 


T (0,180s) = 325° C -49.3°C = 276°C . 
At the depth x = 0.045 m, with t = 180s, 


T (0.045m, 180s)-325° C 
(15-325)° C 


= erfc 


0.045 m 


2^5.6x10 6 m 2 /sxl80s 


\l/2 



/ 

- 

exp 

) 

V 


lOOW/m -Kx0.045m 


A 


- + 0.02520 


20 W/m-K 


7-J 


erfc 


0.045 m 


, , a/2 

2(5.6x10 0 hi /sxl80s 1 


:(5.< 


+ 0.159 


= erfc (0.7087) + [exp (0.225 + 0.0252)]x [erfc (0.7087 + 0.159)]. 

T(0.045m, 180s) = 325°C+ (15-325)° C [(1-0.684)-1.284(1-0.780)] = 315°C < 


Continued... 











PROBLEM 5.80 (Cont.) 


(b) The IHT Transient Conduction Model for a Semi-Infinite Solid was used to generate temperature 
histories, and for the two locations the effects of varying a and k are as follows. 



—©— k = 20 W/m.K, alpha = 5.6E-5 m A 2/s, x = 0 
—A— k = 20 W/m.K, alpha = 5.6E-6m A 2/s, x = 0 
—e— k = 20 W/m.K, alpha = 5.6E-7m A 2/s, x = 0 



—e— k = 20 W/m.K, alpha = 5.6E-5 m A 2.K, x = 45 mm 
—a— k = 20 W/m.K, alpha = 5.6E-6m A 2.K, x = 45 mm 
—e— k = 20 W/m.K, alpha = 5.6E-7m A 2.K, x = 45mm 



Time, t(s) 


—0— k = 2 W/m.K, alpha = 5.6E-6m A 2/s, x = 0 
—A— k = 20 W/m.K, alpha = 5.6E-6m A 2/s, x = 0 
—B— k = 200 W/m.K, alpha = 5.6E-6m A 2/s, x = 0 



—e— k = 2 W/m.K, alpha = 5.6E-6m A 2/s, x = 45 mm 
—a — k = 20 W/m.K, alpha = 5.6E-6m A 2/s, x = 45 mm m 
—B — k = 200 W/m.K, alpha = 5.6E-6m A 2/s, x = 45 mm 


For fixed k, increasing alpha corresponds to a reduction in the thermal capacitance per unit volume (pc p ) 
of the material and hence to a more pronounced reduction in temperature at both surface and interior 
locations. Similarly, for fixed a, decreasing k corresponds to a reduction in pc p and hence to a more 
pronounced decay in temperature. 

COMMENTS: In part (a) recognize that Fig. 5.8 could also be used to determine the required 
temperatures. 





PROBLEM 5.81 


KNOWN: Thick oak wall, initially at a uniform temperature of 25°C, is suddenly exposed to 
combustion products at 800°C with a convection coefficient of 20 W/m 2 -K. 

FIND: (a) Time of exposure required for the surface to reach an ignition temperature of 400°C, (b) 
Temperature distribution at time t = 325s. 


SCHEMATIC: 


Combustion 
products 


Too= 800 °C 
h = 20 W/m 2 -K 



ASSUMPTIONS: (1) Oak wall can be treated as semi-infinite solid, (2) One-dimensional conduction, 
(3) Constant properties, (4) Negligible radiation. 


PROPERTIES: Table A-3 , Oak, cross grain (300 K): p = 545 kg/m 3 , c = 2385 J/kg-K, k = 0.17 W/m-K, 
« = k/pc = 0.17 W/m-K/545 kg/m 3 x 2385 J/kg-K = 1.31 x 10 7 m 2 /s. 


ANALYSIS: (a) This situation corresponds to Case 3 of Figure 5.7. The temperature distribution is 
given by Eq. 5.60 or by Figure 5.8. Using the figure with 


T(0,t)-Tj _ 400-25 _ Q1g 
T^-Tj 800-25 


and 


x 

2 (at) 17 2 


= 0 


we obtain h/atj’^/k = 0.75, in which case t ~ (0.75k/ha 1/2 ) 2 . Hence, 


f 


0.75x0.17 W/m-K/ 20 W, 


m 2 ■ K 


(>■ 


31x10 


-7 2 

m / 


\l/23 


310s 


v j 

(b) Using the IHT Transient Conduction Model for a Semi-infinite Solid, the following temperature 
distribution was generated for t = 325s. 


< 



The temperature decay would become more pronounced with decreasing a (decreasing k, increasing pc p ) 
and in this case the penetration depth of the heating process corresponds to x ~ 0.025 m at 325s. 

COMMENTS: The result of part (a) indicates that, after approximately 5 minutes, the surface of the 
wall will ignite and combustion will ensue. Once combustion has started, the present model is no longer 
appropriate. 




PROBLEM 5.82 


KNOWN: Thickness, initial temperature and thermophysical properties of concrete firewall. 

Incident radiant flux and duration of radiant heating. Maximum allowable surface temperatures at the 
end of heating. 

FIND: If maximum allowable temperatures are exceeded. 

SCHEMATIC: 


qs 


= 10 4 W/m 2 


r-> x L - 0.25 m 


i 



4 


T 


max 


= 325°C 



Concrete, Tj = 25°C 
p = 2300 kg/m 3 
c = 880 J/kg-K 
k = 1.4 W/m-K 
a s =1.0 


= 25°C 


ASSUMPTIONS: (1) One-dimensional conduction in wall, (2) Validity of semi-infinite medium 
approximation, (3) Negligible convection and radiative exchange with the surroundings at the 
irradiated surface, (4) Negligible heat transfer from the back surface, (5) Constant properties. 

ANALYSIS: The thermal response of the wall is described by Eq. (5.60) 


T(x,t) = Tj + 


2 ^ 
k 


exp 


( 2 3 


c \ 

-x 

q ° X erfc 

X 

4at 

V ) 

k 

v 2 Vat y 


where, a = k/pep = 6.92x10 7 m /s and for t = 30 min = 1800s, 2q” (at /;r) 1/2 /k = 284.5K. Hence, 
at x = 0, 


T (0,30 min) = 25°C + 284.5°C = 309.5°C < 325°C < 

At x = 0.25m, (-x 2 /4at) = -12.54, q'x/k = 1.786K, and x/2(at) 1/2 =3.54. Hence, 

T(0.25m, 30min) = 25°C + 284.5°c(3.58xl0 _6 )-1786 o Cx(~0) = 25 o C < 


Both requirements are met. 

COMMENTS: The foregoing analysis is conservative since heat transfer at the irradiated surface 
due to convection and net radiation exchange with the environment have been neglected. If the 
emissivity of the surface and the temperature of the surroundings are assumed to be e = 1 and T sur = 

298K, radiation exchange at T s = 309.5°C would be q* ac j = EG (t^ — T s ^ |r j = 6,080 W / m“ • K, 

which is significant (~ 60% of the prescribed radiation). 



PROBLEM 5.83 


KNOWN: Initial temperature of copper and glass plates. Initial temperature and properties of 
finger. 

FIND: Whether copper or glass feels cooler to touch. 

SCHEMATIC: 



Copper or glass^^OOK 


ASSUMPTIONS: (1) The finger and the plate behave as semi-i nfi nite solids, (2) Constant 
properties, (3) Negligible contact resistance. 

PROPERTIES: Skin (given): p = 1000 kg/m 3 , c = 4180 J/kgK, k = 0.625 W/m-K; Table A-1 
(T = 300K), Copper: p = 8933 kg/m 3 , c = 385 J/kgK, k = 401 W/m-K; Table A-3 (T = 300K), 
Glass: p = 2500 kg/m 3 , c = 750 J/kgK, k = 1.4 W/m-K. 


ANALYSIS: Which material feels cooler depends upon the contact temperature T s given by 
Equation 5.63. For the three materials of interest, 


(kp c)^ = (0.625 X1000X4180 ) 112 =1,616 J/m 2 -K-s 1/2 
(kp c) 1 ^ 2 =(401x8933x385) 1/2 =37,137 J/m 2 -K-s 1/2 
(kp c)^ ss = (l.4x2500x750) 1/2 = 1,620 J/m 2 -K-s 1/2 . 

1/2 1/2 

Since (kp c) cu » (kp c )gi ass > the copper will feel much cooler to the touch. From Equation 
5.63, 


_(kpc) 1 ®T AJ +(kp c) 1 ®^ 

S hr, \l/2 vl/2 

(kp c) A +(kp c) B 

_1,616(310)+37,137(300) 
T s(cu)- 1,616 + 37,137 

_1,616(310) + 1,620(300) 
T s(glass)- 1,616 + 1,620 


= 300.4 K 


= 305.0 K. 


< 

< 


COMMENTS: The extent to which a material’s temperature is affected by a change in its thermal 

1/2 

environment is inversely proportional to (kpc) . Farge k implies an ability to spread the effect by 
conduction; large pc implies a large capacity for thermal energy storage. 



PROBLEM 5.84 


KNOWN: Initial temperatures, properties, and thickness of two plates, each insulated on one 
surface. 

FIND: Temperature on insulated surface of one plate at a prescribed time after they are pressed 
together. 

SCHEMATIC: 


L=O.OZm 


Tj-AOOK 


Si~<ri7iless si-eel 



Tj^OOK 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Negligible 
contact resistance. 

PROPERTIES: Stainless steel (given): p = 8000 kg/m 3 , c = 500 J/kg-K, k = 15 W/m-K. 

ANALYSIS: At the instant that contact is made, the plates behave as semi-i nf inite slabs and, since 
the (pkc) product is the same for the two plates, Equation 5.63 yields a surface temperature of 

T s = 350K. 

The interface will remain at this temperature, even after thermal effects penetrate to the insulated 
surfaces. The transient response of the hot wall may therefore be calculated from Equations 5.40 
and 5.41. At the insulated surface (x* = 0), Equation 5.41 yields 


where, in principle, h —> °o and Too —> T s . From Equation 5.39c, Bi —> °° yields C, | 
from Equation 5.39b 


Q = 


4sin^ i 

2£ 1 + sin(2£ 1 ) 


1.273 


1.5707, and 


Also, 

c at 

If 

Hence, 

T 0 - 350 

400-350 


-6 2 


/s(60s) 


= 0.563. 


(0.02 m) z 

= 1,273exp (-1.5707 2 x 0.563) =0.318 


T 0 =365.9 K. 


< 


COMMENTS: Since Fo > 0.2, the one-term approximation is appropriate. 



PROBLEM 5.85 

KNOWN: Thickness and properties of liquid coating deposited on a metal substrate. Initial temperature 
and properties of substrate. 

FIND: (a) Expression for time required to completely solidify the liquid, (b) Time required to solidify 
an alumina coating. 

SCHEMATIC: 

Alumina 

p = 3970 kg/m 3 

h sf = 3.577x10 6 J/kg 



ASSUMPTIONS: (1) Substrate may be approximated as a semi-infinite medium in which there is one¬ 
dimensional conduction, (2) Solid and liquid alumina layers remain at fusion temperature throughout 
solidification (negligible resistance to heat transfer by conduction through solid), (3) Negligible contact 
resistance at the coating/substrate interface, (4) Negligible solidification contraction, (5) Constant 
properties. 


ANALYSIS: (a) Performing an energy balance on the solid layer, whose thickness S increases with t, 
the latent heat released at the solid/liquid interface must be balanced by the rate of heat conduction into 
the solid. Hence, per unit surface area, 


P h sf 


dS_ „ 

* _qco " d 


where, from Eq. 5.58, rfcond = k (Tf -Tj )(,Trrl )' ~ 


It follows that 


P h sf 


dS 

dt 


MTf-Tj) 

(^«s0 1/2 


r 5 hs = ks ( Tf ~ Ti ) r l JL 

Jo ph sf (^a s ) 1/2Jo t 1/2 



< 


< 


COMMENTS: Such solidification processes occur over short time spans and are typically termed rapid 
solidification. 





PROBLEM 5.86 


KNOWN: Properties of mold wall and a solidifying metal. 

FIND: (a) Temperature distribution in mold wall at selected times, (b) Expression for variation of solid 
layer thickness. 

SCHEMATIC: 

T=T f (f> 0) 



ASSUMPTIONS: (1) Mold wall may be approximated as a semi-infinite medium in which there is one¬ 
dimensional conduction, (2) Solid and liquid metal layers remain at fusion temperature throughout 
solidification (negligible resistance to heat transfer by conduction through solid), (3) Negligible contact 
resistance at mold/metal interface, (4) Constant properties. 

ANALYSIS: (a) As shown in schematic (b), the temperature remains nearly uniform in the metal (at T f ) 
throughout the process, while both the temperature and temperature penetration increase with time in the 
mold wall. 

(b) Performing an energy balance for a control surface about the solid layer, the latent energy released 
due to solidification at the solid/liquid interface is balanced by heat conduction into the solid, q[ at = 

Qcond ’ where qf at = ph s f dS/dt and q^ onc [ * s gi ven by Eq. 5.58. Hence, 


P h sf 


dS 

dt 


kw(Tf-Tj) 

(?ra w t) 1/2 



k w ( T f ~ T i) ft dt 
ph sf (?ra w ) 1/2 °t 1/2 


2k w (Tf Tj) 1/2 
1/2 ^ 

ph s f (7rcc w ) 


COMMENTS: The analysis of part (b) would only apply until the temperature field penetrates to the 
exterior surface of the mold wall, at which point, it may no longer be approximated as a semi-infinite 
medium. 





PROBLEM 5.87 


KNOWN: Steel (plain carbon) billet of square cross-section initially at a uniform 
temperature of 30°C is placed in a soaking oven and subjected to a convection heating process 
with prescribed temperature and convection coefficient. 

FIND: Time required for billet center temperature to reach 600°C. 

SCHEMATIC: 



ASSUMPTIONS: (1) Two-dimensional conduction in x | and x 2 directions, (2) Constant 
properties, (3) Heat transfer to billet is by convection only. 

PROPERTIES: Table A-l, Steel, plain carbon (T = (30+600)°C/2 = 588K = - 600K): p = 
7854 kg/m 3 , c p = 559 J/kg-K, k = 48.0 W/m-K, a =k/pc p = 1.093 x 10" 5 m 2 /s. 

ANALYSIS: The billet corresponds to Case (e), Figure 5.11 (infinite rectangular bar). 
Hence, the temperature distribution is of the form 

0*(x 1 ,x 2 ,t) = P(x 1 ,t)xP(x 2 ,t) 


where P(x,t) denotes the distribution corresponding to the plane wall. Because of symmetry in 
the x | and x 2 directions, the P functions are identical. Hence, 

where • 

-I Plane wall 


e(o,o,t) 

0i 


d o (o> 0 


0=T-T oo 

0j = Tj - T^ and L = 0.15m. 

0 o =T(0,t)-T oo 


Substituting numerical values, find 


d o (O’ t)_ 

T(0,0,t)-Too 

1/2 

(600-750)° C 

0i 

Tj -Too 


(30-750)° C 


1/2 


= 0.46. 


0* = *?°«0.46 


Consider now the Heisler chart for the plane wall. Figure D.l. For the values 

48.0 W/m-K 

~ U.4t> Jtr= — =- 

Si 

find 


hL 100 W/m 2 Kx0.15m 


= 3.2 


* ot t 

t = Fo = —~3.2. 

L 2 


Hence, 


t = 


3.2 L 2 3.2 (0.15m) : 


a 


1.093xl0~ 5 m 2 /s 


= 6587s = 1.83h. 




PROBLEM 5.88 


KNOWN: Initial temperature of fire clay brick which is cooled by convection. 
FIND: Center and comer temperatures after 50 minutes of cooling. 

SCHEMATIC: 


= 0.2 


m 


2U=0.09m 


2L 1 =0.06m-\ 





Fire day brick , 7j = 1600K 


7^, = 313/C 
h^SOVl/m^K 


ASSUMPTIONS: (1) Homogeneous medium with constant properties, (2) Negligible 
radiation effects. 

PROPERTIES: Table A-3 , Fire clay brick (900K): p = 2050 kg/m 2 , k = 1.0 W/m-K, Cp 
960 J/kg-K. a = 0.51 x 10" 6 m 2 /s. 

ANALYSIS: From Fig. 5.11(h), the center temperature is given by 
T(0,0,0,t)-T o , 


T. _T 
A 1 L o 


- Pi ( 0 ,t)xP 2 ( 0 ,t)xP 3 ( 0 ,t) 


where P|, P 2 and P 3 must be obtained from Fig. D.l. 


L^ = 0.03m: 

Bi x = hLl =1.50 

1 k 

Fo^ = 

L 2 = 0.045m: 

Bi 2 = hLl = 2.25 

2 k 

Fo 2 = 

L 3 = 0.10m: 

Bi 3 = hL3 =5.0 

J k 

F°3 = 


a t 
L? 


a t 
L 2 

L/o 


a t 
L 2 


Hence from Fig. D.l, 
Pi ( 0 ,t) ~ 0.22 


?2 (0,t) ~ 0.50 P 3 (0,t)» 0.85. 


Hence, 


T(0,0,0,t)-T o , 

Ti -Too 


0.22x0.50x0.85 = 0.094 


and the center temperature is 

T(0,0,0,t) ~ 0.094(1600-313)K + 313K = 434K. 


Continued 





PROBLEM 5.88 (Cont.) 

The comer temperature is given by 

T( Li ,L 2 X3,t)-T ta = p ( L i t)x P (L 2 t) xp(L 3 ,t) 

M ^OO 

where 

, . 0 (Li ,t) . . 

P(L b t)= v 1 -Pi(0,t), etc. 

and similar forms can be written for L 2 and L 3 . From Fig. D.2, 

0(Li,t) Q (Lo ? t) 0(L 3 ,t) 

v 1 - ~ 0.55 v - ; ~ 0.43 v J - ~ 0.25. 

0 o 0 o 0 o 

Hence, 

P(L 1 ,t) ~ 0.55x0.22 = 0.12 
P(L 2 , t)» 0.43x0.50 = 0.22 
P(L 3 ,t) ~ 0.85x0.25 = 0.21 

and 

T (Li ,L 2 ,L 3 , t) — Tqo 

—^ z 3 ’ —— »0.12x0.22x0.21 = 0.0056 

Ti - Too 

or 

T(L 1 ,L 2 ,L 3 ,t)®0.0056(l600-313)K + 313K. 

The corner temperature is then 

T(L 1 ,L 2 ,L 3 , t) ~ 320K. < 

COMMENTS: (1) The foregoing temperatures are overpredicted by ignoring radiation, 
which is significant during the early portion of the transient. 

(2) Note that, if the time required to reach a certain temperature were to be determined, an 
iterative approach would have to be used. The foregoing procedure would be used to compute 
the temperature for an assumed value of the time, and the calculation would be repeated until 
the specified temperature were obtained. 



PROBLEM 5.89 


KNOWN: Cylindrical copper pin, 100mm long x 50mm diameter, initially at 20°C; end faces are 
subjected to intense heating, suddenly raising them to 500°C; at the same time, the cylindrical surface 


is subjected to a convective heating process (Too,h). 

FIND: (a) Temperature at center point of cylinder after a time of 8 seconds from sudden application 
of heat, (b) Consider parameters governing transient diffusion and justify simplifying assumptions 
that could be applied to this problem. 


SCHEMATIC: 


T(0,0, 8s)~\ , CSaD r a -Z5 mm 


Ml 50mm 

=100\N/7n z K 

I \ - 

M 

:- 6 

jS-End face, 


E 

<< 

- T e =500°C T e —« 

| 

00mm 

^ ~Ij=Z0°C, copper 

^■x L 


•fr 


• 50mm 


ASSUMPTIONS: (1) Two-dimensional conduction, (2) Constant properties and convection heat 
transfer coefficient. 


PROPERTIES: Table A-l, Copper, pure (t » (500 + 20)° C/2 » 500k) : p = 8933 kg/m 3 , c = 407 
J/kg-K, k = 386 W/m-K, a = k/pc = 386 W/m-K/8933 kg/m 3 x 407 J/kg-K = 1.064 x 10 _4 m 2 /s. 


ANALYSIS: (1) The pin can be treated as a two-dimensional system comprised of an infinite 
cylinder whose surface is exposed to a convection process (Too,h) and of a plane wall whose surfaces 
are maintained at a constant temperature (T 0 ). This configuration corresponds to the short cylinder, 
Case (i) of Fig. 5.11, 


0 (r,x,t) 

0i 


= C(r,t)xP(x,t). 


( 1 ) 


For the infinite cylinder, using Fig. D.4, with 


Bi = 


find 


hr,, 


^25xl0' 3 mj 


100 W/nr-K(25xl0'-m 
385 W/m • K 

6 (0,8s) 


= 6.47x10 


-3 


and Fo = 


a t 


1.064x10 41T1 —x8s 


= 1.36, 


25xl0" 3 mj 


C(0,8s) = 


0i 


> 1 . 


( 2 ) 


cyl 


For the infinite plane wall, using Fig. D.l, with 


hL _i 

Bi =-> oo or Bi —> 0 and Fo = —— 


at 1.064x10 4 m“/sx8s 


(50xl0' 3 m)‘ 


= 0.34, 


find 


P(0,8s) = 


0(0,8s)' 

Si 


~ 0.5. 


wall 


Combining Eqs. (2) and (3) with Eq. (1), find 


0(0,0,8s) T(0,0,8s)-T o< 


Si 


T -T 

x oo 


( 3 ) 


>1x0.5 = 0.5 


T(0,0,8s) = T^ + 0.5(Tj -T^ ) = 500 + 0.5(20-500) = 260°C. < 

(b) The parameters controlling transient conduction with convective boundary conditions are the Biot 
and Fourier numbers. Since Bi « 0.1 for the cylindrical shape, we can assume radial gradients are 
negligible. That is, we need only consider conduction in the x-direction. 





PROBLEM 5.90 

KNOWN: Cylindrical-shaped meat roast weighing 2.25 kg, initially at 6°C, is placed in an 
oven and subjected to convection heating with prescribed (Too,h). 

FIND: Time required for the center to reach a done temperature of 80°C. 

SCHEMATIC: 



ASSUMPTIONS: (1) Two-dimensional conduction in x and r directions, (2) Uniform and 
constant properties, (3) Properties approximated as those of water. 


PROPERTIES: Table A-6, Water, liquid |t = (80 + 6 )° C/2 = 315Kj :< p = l/v f = 1/1.009 x 
10 3 m 3 /kg = 991.1 kg/m 3 , c p>f = 4179 J/kg-K, k = 0.634 W/m-K, a = k/pc = 1.531 x 10" 7 m 2 /s. 


ANALYSIS: The dimensions of the roast are determined from the requirement r Q = L and 
knowledge of its weight and density, 


M = pV = p ■ 2L ■ 7TYq or r G = L 


" M " 

1/3 

2.25 kg 

2 np 


27T991.1 kg/m 3 _ 


1/3 


0.0712m. 


( 1 ) 


The roast corresponds to Case (i), Figure 5.11, and the temperature distribution may be 

Tfx^tj-Too . . . 

expressed as the product of one-dimensional solutions, -= P(x,t)xC(r,t), where 

Tj — Tqq 

P(x,t) and C(r,t) are defined by Eqs. 5.65 and 5.66, respectively. For the center of the 
cylinder, 


T(0,0,t)-T oo (80-175)° C 


T -T 

A 1 A oo 


= 0.56. 


(6-175) C 
In terms of the product solutions, 


T(0,0,t)-T cx 

Ti-T^ 


0.56 


T (O^Q-Tq, 

Tj-T^ 


x 


wall 


T(0,t)-T o 

Tj-T^ 


cylinder 


( 2 ) 

(3) 


For each of these shapes, we need to find values of 0 o /9i such that their product satisfies Eq. 
(3). For both shapes, 

hr 0 hL 15 W/m 2 ■ Kx0.0712m , „._i ^ 

Bi = —— = — =-= 1.68 or Br ~ 0.6 

k k 0.634 W/m-K 

Fo = a t/r 2 = a t/L 2 =1.53xl0 _7 m 2 /sxt/(0.0712m) 2 = 3.020xl(T 5 t. 


Continued 




PROBLEM 5.90 (Cont.) 


A trial-and-error solution is necessary. Begin by assuming a value of Fo; obtain the respective 


0 o /0i values from Figs. D.l and D.4; test whether their product satisfies Eq. (3). Two trials 
are shown as follows: 


Trial 

Fo 

t(hrs) 

0 ° /0 i) W all 

0 o !0 i), 

1 

0.4 

3.68 

0.72 

0.50 

2 

0.3 

2.75 

0.78 

0.68 


e, 


o 

0i 


X- 


w 


°o_ 


cyl 


0.36 

0.53 


For Trial 2, the product of 0.53 agrees closely with the value of 0.56 from Eq. (2). Hence, it 
will take approximately 2 % hours to roast the meat. 



PROBLEM 5.91 


KNOWN: A long alumina rod, initially at a uniform temperature of 850K, is suddenly 
exposed to a cooler fluid. 

FIND: Temperature of the rod after 30s, at an exposed end, T(0,0,t), and at an axial distance 
6 mm from the end, T(0, 6mm, t). 

SCHEMATIC: 


D=2.0mm 


12,= 350K 


h = 500\Nlm^K'fT 





Alumina rod 
T, =T(r, x, O) = 8f>OK 


T(0,bmm,+') 


ASSUMPTIONS: (1) Two-dimensional conduction in (r,x) directions, (2) Constant 
properties, (3) Convection coefficient is same on end and cylindrical surfaces. 

PROPERTIES: Table A-2, Alumina, polycrystalline aluminum oxide (assume 
T - (850 + 600) KJ2 = 725K): p = 3970 kg/m 3 , c = 1154 J/kg-K, k = 12.4 W/m-K. 

ANALYSIS: First, check if system behaves as a lumped capacitance. Find 

hL r h(r n /2) 500 W/m-K(0.010m/2) 

k k 12.4 W/m-K 

Since Bi > 0.1, rod does not behave as spacewise isothermal object. Hence, treat rod as a 
semi-infinite cylinder, the multi-dimensional system Case (f), Fig. 5.11. 



The product solution can be written as 

e * (r , x , t) = ^d = ^M x ^il = C (r‘,.*)xs(x*.,*) 

v ' 6 >j \ ) \ ) 

Infinite cylinder , C(r*,t*). Using the Heisler charts with r* = r = 0 and 


hr 0 

-1 

500 W/m 2 ■ KxO.Olm 

k 


12.4 W/m-K 


2.48. 


Evaluate a = k/pc = 2.71 x 10 ^nTVs, find Fo = a t/r^ = 2.71x10 ^nU /s x 30s/(0.01nfT = 
0.812. From the Heisler chart. Fig. D.4, with Bi = 2.48 and Fo = 0.812, read C(0,t*) = 
0 (O,t)/0i = 0.61. 


Continued 





The product solution can now be evaluated for each location. At (0,0), 

0* (0,0, t) = T (°’ 0 ’ 30s )~ T °° = c ( Q t * JxS (o,t* ) = 0.61x0.693 = 0.423. 

T| Tqq 

Hence, T(0,0,30s) = +0.423(Tj-T^) = 350K +0.423(850-350)K = 56IK. < 

At (0,6mm), 

9* (0,6mm,t) = C (o,t* )xS (6mm,t*) = 0.61x0.835 = 0.509 

T (0,6mm,30s) = 604K. < 

COMMENTS: Note that the temperature at which the properties were evaluated was a good 
estimate. 



PROBLEM 5.92 

KNOWN: Stainless steel cylinder of Ex. 5.7, 80-mm diameter by 60-mm length, initially at 600 K, 

2 

suddenly quenched in an oil bath at 300 K with h = 500 W/m K. Use the Transient Conduction, 

Plane Wall and Cylinder models of IHT to obtain the following solutions. 

FIND: (a) Calculate the temperatures T(r,x,t) after 3 min: at the cylinder center, T(0, 0, 3 min), at the 
center of a circular face, T(0, L, 3 min), and at the midheight of the side, T(r 0 , 0, 3 min); compare your 
results with those in the example; (b) Calculate and plot temperature histories at the cylinder center, 
T(0, 0, t), the mid-height of the side, T(r 0 , 0, t), for 0 < t < 10 min; comment on the gradients and what 
effect they might have on phase transformations and thermal stresses; and (c) For 0 < t < 10 min, 
calculate and plot the temperature histories at the cylinder center, T(0, 0, t), for convection coefficients 
of 500 and 1000 W/m 2 -K. 

SCHEMATIC: 


■^r 



ASSUMPTIONS: (1) Two-dimensional conduction in r- and x-coordinates, (2) Constant properties. 

PROPERTIES: Stainless steel (. Example 5.7): p = 7900 kg/m 3 , c = 526 J/kg-K, k = 17.4 W/m-K. 

ANALYSIS: The following results were obtained using the Transient Conduction models for the 
Plane Wall and Cylinder of IHT. Salient portions of the code are provided in the Comments. 

(a) Following the methodology for a product solution outlined in Example 5.7, the following results 
were obtained at t = t G = 3 min 


(r, x, t) 

P(x, t) 

C(r, t) 

T(r, x, t)-IHT 
(K) 

T(r, x, t)-Ex 
(K) 

© 

o 

r-t- 

O 

0.6357 

0.5388 

402.7 

405 

O 

r 

r- 1- 

o 

0.4365 

0.5388 

370.5 

372 

t-t 

o 

© 

r-f 

o 

0.6357 

0.3273 

362.4 

365 


Continued 




PROBLEM 5.92 (Cont.) 


The temperatures from the one-term series calculations of the Example 5.7 are systematically higher 
than those resulting from the IHT multiple-term series model, which is the more accurate method. 

(b) The temperature histories for the center and mid-height of the side locations are shown in the graph 
below. Note that at early times, the temperature difference between these locations, and hence the 
gradient, is large. Large differences could cause variations in microstructure and hence, mechanical 
properties, as well as induce residual thermal stresses. 

(c) Effect of doubling the convection coefficient is to increase the quenching rate, but much less than 
by a factor of two as can be seen in the graph below. 


Quenching with h = 500 W/m A 2.K 



-Mid-height of side (0,ro) 

—Center (0, 0) 


Effect of increased conv. coeff. on quenching rate 



- h = 500 W/m A 2.K 

h = 1000 W/m A 2.K 


COMMENTS: From IHT menu for Transient Conduction I Plane Wall and Cylinder, the models 
were combined to solve the product solution. Key portions of the code, less the input variables, are 
copied below. 

II Plane wall temperature distribution 

// The temperature distribution is 

T_xtP = T_xt_trans("Plane Wall",xstar,FoP,BiP,Ti,Tint) // Eq 5.39 
// The dimensionless parameters are 
xstar = x / L 

BiP = h * L / k // Eq 5.9 

FoP= alpha * t / L A 2 // Eq 5.33 
alpha = k/ (rho * cp) 

// Dimensionless representation, P(x,t) 

P_xt = (T_xtP - Tint) / (Ti - Tint) 

// Cylinder temperature distribution 

// The temperature distribution T(r,t) is 

T_rtC = T_xt_trans("Cylinder",rstar,FoC,BiC,Ti,Tinf) // Eq 5.47 

// The dimensionless parameters are 

rstar = r / ro 

BiC = h * ro / k 

FoC= alpha * t / ro A 2 

// Dimensionless representation, C(r,t) 

C_rt= (T_rtC - Tint) / (Ti - Tint) 

// Product solution temperature distribution 

(T_xrt - Tinf) / (Ti - Tint) = P_xt * C_rt 





PROBLEM 5.93 


KNOWN: Stability criterion for the explicit method requires that the coefficient of the 
term of the one-dimensional, finite-difference equation be zero or positive. 

FIND: For Fo > 1/2, the finite-difference equation will predict values of * which violate 
the Second law of thermodynamics. Consider the prescribed numerical values. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction in x, (2) Constant properties, (3) No 
internal heat generation. 

ANALYSIS: The explicit form of the finite-difference equation, Eq. 5.73, for an interior 
node is 

T m 1 =F»(tP +1 +tP. 1 )+(1-2Fo)tP. 

The stability criterion requires that the coefficient of T^ be zero or greater. That is, 
(l-2Fo)>0 or Fo<^. 

For the prescribed temperatures, consider situations for which Fo = 1, Vi and !4 and calculate 
tP+1 

Fo = 1 TP +1 =1(100 + 100)°C + (1-2x 1)50 o C = 250°C 
Fo = 1/2 T,P +1 =1/2(100 + 100)° C + (l-2xl/2)50°C = 100°C 

Fo = 1/4 TP +1 =l/4(l00 + 100)°C + (l-2xl/4)50°C = 75°C. 

Plotting these distributions above, note that when Fo = 1, T^ + ^ is greater than 100°C, while 

for Fo = Vi and 14 , T^' < 100°C. The distribution for Fo = 1 is thermodynamically 
impossible: heat is flowing into the node during the time period At, causing its temperature to 
rise; yet heat is flowing in the direction of increasing temperature. This is a violation of the 
Second law. When Fo = Vi or 14, the node temperature increases during At, but the 
temperature gradients for heat flow are proper. This will be the case when Fo < Vi, verifying 
the stability criterion. 










PROBLEM 5.94 


KNOWN: Thin rod of diameter D, initially in equilibrium with its surroundings, T sur , 
suddenly passes a current I; rod is in vacuum enclosure and has prescribed electrical 
resistivity, p e , and other thermophysical properties. 

FIND: Transient, finite-difference equation for node m. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, transient conduction in rod, (2) Surroundings are 
much larger than rod, (3) Properties are constant and evaluated at an average temperature, (4) 
No convection within vacuum enclosure. 

ANALYSIS: The finite-difference equation is derived from 
the energy conservation requirement on the control volume, 


A c Ax, where A c = n D“ / 4 
The energy balance has the form 


and 


P = K D. 


+ Err — Er 


rpP+1 _-jP 

da + db ~ drad + 1 = P ~ 

At 


m 



where Eg = I""R e and R e = p e Ax/A c . Using Fourier’s law to express the conduction terms, 
q a and qp,- and Eq. 1.7 for the radiation exchange term, q ra( j, find 


kA r 


T p . , -TP 


m -1 


m 


Ax 


+ kA r 


T ” + Ax T " - £PAxg ( T m' P - T s 4 ur) + I 2 -^ = P cA c Ax 


rpP+1 _rpP 

A m A m 


At 


Divide each term by pcA c Ax/At, solve for T^ + ^ and regroup to obtain 


r p+l _ J<_At_ 


l m 


P c Ax" 


ePcr At 


A c pc 


( T S-l +T Ll)- 

(t4'P_t4 y 
1 A m A sur I 


At 


P c Ax" 


"rP 


I z p 


At 


A7 P c 


Recognizing that Fo = a At/Ax , regroup to obtain 


Tr 1 =F°(TP. 1 +TP +1 ) + (l-2Fo)TP-£^.Fo(T 1 } 1 -P-T s 4 ur ) + I^yi.Fo. 

The stability criterion is based upon the coefficient of the T^ term written as 

Fo < Vi. < 


COMMENTS: Note that we have used the forward-difference representation for the time derivative; 
see Section 5.9.1. This permits convenient treatment of the non-linear radiation exchange term. 






PROBLEM 5.95 


KNOWN: One-dimensional wall suddenly subjected to uniform volumetric heating and 
convective surface conditions. 

FIND: Finite-difference equation for node at the surface, x = -L. 


SCHEMATIC: 


o\ 

h 

r 

Taojh T T ^conv | 


L 

ax/2 — 




■ for 

T t T m ,h 


ASSUMPTIONS: (1) One-dimensional transient conduction, (2) Constant properties, (3) 
Uniform q. 

ANALYSIS: There are two types of finite-difference equations for the explicit and implicit 
methods of solution. Using the energy balance approach, both types will be derived. 

Explicit Method. Perform an energy balance on the surface node shown above, 

rpP+ 1 _ rpP 

Qconv + ^cond + 4^ = P 


Ein E ou t + E„ - E st 


At 


/ \ x? - T p 

h(l l^Too — To j + k(l l)—L- —+ q 


, , Ax 


, , Ax 

11 - 

= p c 

11 - 

2 _ 

2 _ 


rj,p+l _rr,p 

A o A o 


At 


( 1 ) 

( 2 ) 


For the explicit method, the temperatures on the LHS are evaluated at the previous time (p). 
The RHS provides a forward-difference approximation to the time derivative. Divide Eq. (2) 

by pcAx/2At and solve for T ( ^ + '. 


rP +1 - 


= 2 - 


hAt 


f 


T “- T ° P ) +2 ^( T i P - ToP ) +q 


p cAx 


p cAx V 

Introducing the Fourier and Biot numbers, 

Fo = (k Ip c)At/Ax 2 Bi = hAx/k 

, 2 ' 


At 
p c 


+ T P 

-t-1 0 . 


r P +1 - 


= 2 Fo 


T 1 P + BiT co + 


qAx/ 

2k 


+ (1-2 Fo-2Fo-Bi)T p . 


(3) 


(4) < 


The stability criterion requires that the coefficient of T p be positive. That is, 

(l - 2 Fo - 2 Fo ■ Bi) > 0 or Fo <l/2(l + Bi). 

Implicit Method. Begin as above with an energy balance. In Eq. (2), however, the 
temperatures on the FHS are evaluated at the new (p+1) time. The RHS provides a hackward- 
difference approximation to the time derivative. 

,, T i p+ 1 - T <r‘, .tax! rAxiTr'-x? 

h^T^ -Tq j + k—- : -+ q 


Ax 


pc 


At 


(l + 2 Fo (Bi + 1))T<P +1 - 2 Fo ■ TP +1 = T p + 2Bi ■ Fo ■ + Fo 


qAx" 


(5) 

( 6 )< 


COMMENTS: Compare these results (Eqs. 3, 4 and 6) with the appropriate expression in 
Table 5.2. 






PROBLEM 5.96 


KNOWN: Plane wall, initially having a linear, steady-state temperature distribution with boundaries 
maintained at T(0,t) = Ti and T(L,t) = T 2 , suddenly experiences a uniform volumetric heat generation due 
to the electrical current. Boundary conditions Ti and T 2 remain fixed with time. 

FIND: (a) On T-x coordinates, sketch the temperature distributions for the following cases: initial 
conditions (t < 0), steady-state conditions (t —> °°) assuming the maximum temperature exceeds T 2 , and 
two intermediate times; label important features; (b) For the three-nodal network shown, derive the 
finite-difference equation using either the implicit or explicit method; (c) With a time increment of At = 

5 s, obtain values of T m for the first 45s of elapsed time; determine the corresponding heat fluxes at the 
boundaries; and (d) Determine the effect of mesh size by repeating the foregoing analysis using grids of 5 
and 11 nodal points. 


SCHEMATIC: 
Ti =0°C^ 


m 


-T 2 = 100 °C 


t> = 0 

q = 2x10 7 W/m 3 


Ta 


' m 




L- 20 mm 


E g • E st 


Ax=10mm 


ASSUMPTIONS: (1) Two-dimensional, transient conduction, (2) Uniform volumetric heat generation 
for t > 0, (3) Constant properties. 


PROPERTIES: Wall (Given): p = 4000 kg/m 3 , c = 500 J/kg-K, k = 10 W/m-K. 


ANALYSIS: (a) The temperature distribution 
on T-x coordinates for the requested cases are 
shown below. Note the following key features: 
(1) linear initial temperature distribution, (2) 
non-symmetrical parabolic steady-state 
temperature distribution, (3) gradient at x = L is 
first positive, then zero and becomes negative, 
and (4) gradient at x = 0 is always positive. 



(b) Performing an energy balance on the control volume about node m above, for unit area, find 


J m 


"out 


+ E c 



r—i r—w—i r—w—, r—w—i r—w—iJP I 1 'T'P 

k(l) 2 - m +k(l) 1 ~ m +q(l)Ax = p(l)cAx m 


m 


Ax 


Ax 


At 


Fo[T, +T 2 -2T m ]+^'- = T 1 P +1 -T£ 

P C P 

For the T m term in brackets, use “p” for explicit and “p+1” for implicit form, 
Explicit: TP +1 = Fo (if + T|) + (1 - 2Fo) TP + qAt / pc p 


Implicit: 


r p+! 


■m 


Fo (TP +1 + TP +1 ) + q At/pc p + 1/(I + 2Fo) 


(D< 

( 2 ) < 


Continued... 








PROBLEM 5.96 (Cont.) 


(c) With a time increment At = 5s, the FDEs, Eqs. (1) and (2) become 
TjP +1 =0.5TP +75 
t£ +1 =(t£+75)/i.5 


Explicit: 

mP+l 

A m 

Implicit: 

mP+l 

A m 

where 

Fo = - 


qAt 


pc 


kAt 


10 W/m- Kx5s 


pcAx“ 4000 kg/m 3 x500 j/kg • K(0.0l0m)‘ 


= 0.25 


2xl0 7 W/m 3 x5s 


= 50K 


P c 4000 kg/m J x 500 J/kg K 

Performing the calculations, the results are tabulated as a function of time, 


P 

t(s) 

Tr (°C) 

T 

1 m 

Explicit 

(°C) 

Implicit 

T 2 (°C) 

0 

0 

0 

50 

50 

100 

1 

5 

0 

100.00 

83.33 

100 

2 

10 

0 

125.00 

105.55 

100 

3 

15 

0 

137.50 

120.37 

100 

4 

20 

0 

143.75 

130.25 

100 

5 

25 

0 

146.88 

136.83 

100 

6 

30 

0 

148.44 

141.22 

100 

7 

35 

0 

149.22 

144.15 

100 

8 

40 

0 

149.61 

146.10 

100 

9 

45 

0 

149.80 

147.40 

100 


(3) 

(4) 


< 


The heat flux at the boundaries at t = 45s follows from the energy balances on control volumes about the 
boundary nodes, using the explicit results for , 


Node 1: 


Node 2: 


Ejn E out + E„ — E st 


Ox (0,t) + k——+ q(Ax/2) = 0 
Ax 

Ox (0,t) = -k(lP -Tjjy/Ax-qAx/2 


(5) 



—\ Ax/2 


q' (0,45s) = -10 W/m - K(l49.8 -0)K/0.010m-2xl0 7 w/m 3 x0.010m/2 
q' (0,45s) = -149,800 w/m 2 -100,000 w/m 2 = -249,800 w/m 2 

k T m~ T 2 _ q ;( L ,t) + q(Ax/2) = 0 
Ax 

q'(L,t) = k(TP -T 2 ) / /Ax + qAx/2 = 0 (6) 



q;(U) 


< 


Continued... 




PROBLEM 5.96 (Cont.) 


qx(L,t) = 10W/m K(149.80-100)C/0.010m + 2xl0 7 w/m 3 x0.010m/2 

q'x (L,t) = 49,800w/m 2 +100,000w/m 2 =+149,800w/m 2 < 

(d) To determine the effect of mesh size, the above analysis was repeated using grids of 5 and 11 nodal 
points, Ax = 5 and 2 mm, respectively. Using the IHT Finite-Difference Equation Tool, the finite- 
difference equations were obtained and solved for the temperature-time history. Eqs. (5) and (6) were 

used for the heat flux calculations. The results are tabulated below for t = 45s, where T,P (45s) is the 
center node, 


Mesh Size 

Ax 

TP (45s) 

qx (0.45s) 

qx (L,45s) 

(mm) 

(°C) 

kW/m 2 

kW/m 2 

10 

149.8 

-249.8 

+149.8 

5 

149.3 

-249.0 

+149.0 

2 

149.4 

-249.1 

+149.0 


COMMENTS: (1) The center temperature and boundary heat fluxes are quite insensitive to mesh size 
for the condition. 

(2) The copy of the IHT workspace for the 5 node grid is shown below. 


// Mesh size - 5 nodes, deltax = 5 mm 

// Nodes a, b(m), and c are interior nodes 

// Finite-Difference Equations Tool - nodal 
equations 

/* Node a: interior node; e and w labeled b and 
1 . */ 

rho*cp*der(Ta,t) = 

fd_1 d_int(Ta,Tb,T 1 ,k,qdot,deltax) 

/* Node b: interior node; e and w labeled c and 

a. */ 

rho*cp*der(Tb,t) = 
fd_1d_int(Tb,To,Ta,k,qdot,deltax) 

/* Node c: interior node; e and w labeled 2 and 

b. */ 

rho*cp*der(Tc,t) = 
fd_1d_int(Tc,T2,Tb,k,qdot,deltax) 

// Assigned Variables: 

deltax = 0.005 
k = 10 
rho = 4000 
cp = 500 
qdot = 2e7 
T1 = 0 
T2 = 100 


/ Initial Conditions: 

Tai = 25 
Tbi = 50 
Tci = 75 */ 

I* Data Browser Results - Nodal 
temperatures at 45s 
Ta Tb Tc t 

99.5 149.3 149.5 45 */ 

// Boundary Heat Fluxes - at t = 45s 

q"x0 = - k * (Taa - T1 ) / deltax - qdot 
* deltax / 2 

q"xL = k * (Too - T2 ) / deltax + qdot * 
deltax 12 

//where Taa = Ta (45s), Too = 
Tc(45s) 

Taa = 99.5 
Too = 149.5 
/* Data Browser results 
q"x0 q"xL 

-2.49E5 1.49E5 7 



PROBLEM 5.97 


KNOWN: Solid cylinder of plastic material (a = 6 x 10 7 m 2 /s), initially at uniform temperature of T; = 
20°C, insulated at one end (T 4 ), while other end experiences heating causing its temperature T 0 to 
increase linearly with time at a rate of a = l°C/s. 

FIND: (a) Finite-difference equations for the 4 nodes using the explicit method with Fo = 1/2 and (b) 
Surface temperature T 0 when T 4 = 35°C. 


SCHEMATIC: 
T 0 ~Tj +at 
a = 1 °C/s 


7}(x,< 0) = 20 °C 
a = 6x1 O ' 7 m 2 /s 



~1 


T-i To To T a y 

---*—V— 4 —-¥■ 


►|Ax = 6 mm 

L- 24 mm 






9p 


T a 


i 9 a 

777777TTF/ 1 

k^Ax /2 


ASSUMPTIONS: (1) One-dimensional, transient conduction in cylinder, (2) Constant properties, and 
(3) Lateral and end surfaces perfectly insulated. 


ANALYSIS: (a) The finite-difference equations using the explicit method for the interior nodes (m = 1, 
2, 3) follow from Eq. 5.73 with Fo = 1/2, 


t £ +1 = Fo( T P +1 + TP _!) + (1- 2Fo)T,P = 0.5 (l* + , + T* _,) 


(1) 


From an energy balance on the control volume node 4 as shown above yields with Fo = 1/2 
Ejn — E out + Eg = E st q a + + 0 = pcV — T^j^At 

0+k(T 3 P-Tr’) / /Ax = pc(Ax/2)(Tr ,+1 -TP)/At 

tP + 1 = 2FoTP + (1 - 2Fo) TP = T? (2) 

(b) Performing the calculations, the temperature-time history is tabulated below, where T 0 = T; +a t 
where a = l°C/s and t = p-At with. 


Fo = aAt/ 

; Ax 2 =0.5 

At 

= 0.5 (0.006 m ) 2 

/ 6 xl 0~ 7 m 2 / 

4 = 30s 


P 

t 

To 

Ti 

T 2 

t 3 

t 4 


(s) 

(°C) 

(°C) 

(°C) 

(°C) 

(°C) 

0 

0 

20 

20 

20 

20 

20 

1 

30 

50 

20 

20 

20 

20 

2 

60 

80 

35 

20 

20 

20 

3 

90 

110 

50 

27.5 

20 

20 

4 

120 

140 

68.75 

35 

23.75 

20 

5 

150 

170 

87.5 

46.25 

27.5 

23.75 

6 

180 

200 

108.1 

57.5 

35 

27.5 

7 

210 

230 

- 

- 

- 

35 


When T 4 (210s, p = 7) = 35°C, find T 0 (210s) - 230°C. 


< 





PROBLEM 5.98 


KNOWN: A 0.12 m thick wall, with thermal diffusivity 1.5 x 10 6 m7s, initially at a uniform 
temperature of 85°C, has one face suddenly lowered to 20°C while the other face is perfectly insulated. 


FIND: (a) Using the explicit finite-difference method with space and time increments of Ax = 30 mm 
and At = 300s, determine the temperature distribution within the wall 45 min after the change in surface 
temperature; (b) Effect of At on temperature histories of the surfaces and midplane. 


SCHEMATIC: 


i 



T: = 85 °C 
a = 1.5x1 O' 6 m 2 /s 

T(L,0 ) = 20 °C 


I 

L = 0.12 m 


^0 J- 


1 » T 2 » T 3 


T l = 20 °C 


Ax = 0.03 m 
Af= 300 s, 75 s 

ASSUMPTIONS: (1) One-dimensional transient conduction, (2) Constant properties. 


ANALYSIS: (a) The finite-difference equations for the interior points, nodes 0, 1, 2, and 3, can be 
determined from Eq. 5.73, 


X£ +1 = Fo (tP _i + TP +[ )+(1 - 2 Fo)TP (1) 

with 

Fo = aAt/Ax 2 = 1.5xl0~ 6 m 2 /sx300s/(0.03m) 2 =1/2. (2) 


Note that the stability criterion, Eq. 5.74, Fo < 1/2, is satisfied. Hence, combining Eqs. (1) and (2), 

Tj!^ =1/ 2 |t^_| + T ^ + 1 j for m = 0, 1, 2, 3. Since the adiabatic plane at x = 0 can be treated as a 

symmetry plane, T m _i = T m+ i for node 0 (m = 0). The finite-difference solution is generated in the table 
below using t = p-At = 300 p (s) = 5 p (min). 


p 

t(min) 

To 

T, 

t 2 

t 3 

T l (°C) 

0 

0 

85 

85 

85 

85 

20 

1 


85 

85 

85 

52.5 

20 

2 

10 

85 

85 

68.8 

52.5 

20 

3 


85 

76.9 

68.8 

44.4 

20 

4 

20 

76.9 

76.9 

60.7 

44.4 

20 

5 


76.9 

68.8 

60.7 

40.4 

20 

6 

30 

68.8 

68.8 

54.6 

40.4 

20 

7 


68.8 

61.7 

54.6 

37.3 

20 

8 

40 

61.7 

61.7 

49.5 

37.3 

20 

9 

45 

61.7 

55.6 

49.5 

34.8 

20 


The temperature distribution can also be determined from the Heisler charts. For the wall, 


at 1.5xl0~ 6 m 2 /sx(45x60)s 

—T — -3- — 0-28 

L^ (0.12 m) 


and 



k 

hL 


= 0 . 


Continued... 



PROBLEM 5.98 (Cont.) 


From Figure D.l, for Bi 1 = 0 and Fo = 0.28, find 0 o /0j ~ 0.55. Hence, for x = 0 

T 0 - Too = go or Tq = T ( 0 , t ) = T oo +^-(T i -T co ) = 20°C + 0.55(85-20)° C = 55.8°C. 
Tj - 

This value is to be compared with 61.7°C for the finite-difference method. 

(b) Using the IHT Finite-Difference Equation Tool Pad for One-Dimensional Transient Conduction, 
temperature histories were computed and results are shown for the insulated surface (TO) and the 
midplane, as well as for the chilled surface (TL). 



0 2000 4000 6000 8000 10000 12000 14000 16000 18000 


Time, t(s) 


—©— TO, deltat = 75 s 
—a— T2, deltat = 75 s 
- TL 

—x— TO, deltat = 300 s 
—I— T2, deltat = 300 s 

Apart from small differences during early stages of the transient, there is excellent agreement between 
results obtained for the two time steps. The temperature decay at the insulated surface must, of course, 
lag that of the midplane. 




PROBLEM 5.99 


KNOWN: Thickness, initial temperature and thermophysical properties of molded plastic part. 
Convection conditions at one surface. Other surface insulated. 

FIND: Surface temperatures after one hour of cooling. 

SCHEMATIC: 


AA 


T oo =20°C 
h = 100 W/m 2 -K 


10 


60 mm 

1 

Ax = 6 mm 

K - H 



— 1 

• 

1 l 

! Ts . ! 

I l 

1 V 

i 

i 

i 

1 U/ 

1 T 1 !// 

i . 

i i// 

. i /x 


Plastic product, Tj = 80°C 


p = 1200 kg/m 3 
c = 1500 J/kg-K 
k = 0.03 W/m-K 


ASSUMPTIONS: (1) One-dimensional conduction in product, (2) Negligible radiation, at cooled 
surface, (3) Negligible heat transfer at insulated surface, (4) Constant properties. 

ANALYSIS: Adopting the implicit scheme, the finite-difference equation for the cooled surface 
node is given by Eq. (5.88), from which it follows that 

(1 + 2 Fo + 2 FoBi) T^ 1 - 2Fo T<P +1 = 2FoBiT 00 + 

The general form of the finite-difference equation for any interior node (1 to 9) is given by Eq. (5.89), 

(1 + 2 Fo) TP +1 - Fo (TPf( + TP+ 1 ,) = T£ 

The finite-difference equation for the insulated surface node may be obtained by applying the 
symmetry requirement to Eq. (5.89); that is, T ^ +1 = T m— 1 - Hence ’ 

(l + 2Fo)TP +1 -2FoT 1 P+1 =TP 

For the prescribed conditions, Bi = hAx/k = 100 W/m“K (0.006m)/0.30 W/m-K = 2. If the explicit 
method were used, the most restrictive stability requirement would be given by Eq. (5.79). Hence, for 
Fo (1+Bi) < 0.5, Fo < 0.167. With Fo = aAt/Ax 2 and a = k/pc = 1.67 xlO 7 m~/s, the corresponding 
restriction on the time increment would be At < 36s. Although no such restriction applies for the 
implicit method, a value of At = 30s is chosen, and the set of 11 finite-difference equations is solved 
using the Tools option designated as Finite-Difference Equations, One-Dimensional, and Transient 
from the IHT Toolpad. At t = 3600s, the solution yields: 

T 10 (3600s) = 24. 1°C T 0 (3600s) = 71.5 °C < 

COMMENTS: (1) More accurate results may be obtained from the one-term approximation to the 
exact solution for one-dimensional, transient conduction in a plane wall. With Bi = hL/k = 20, Table 

5.1 yields £, = 1.496 rad and Q = 1.2699. With Fo = at/L 2 = 0.167, Eq. (5.41) then yields T 0 = T M + 

(Ti - Toe) Ci exp (-C 2 Fo) = 72.4°C, and from Eq. (5.40b), T s = T^ + (T; - TJ cos (£, ) = 24.5°C. 

Since the finite-difference results do not change with a reduction in the time step (At < 30s), the 
difference between the numerical and analytical results is attributed to the use of a coarse grid. To 
improve the accuracy of the numerical results, a smaller value of Ax should be used. 


Continued 







PROBLEM 5.99 (Cont.) 


(2) Temperature histories for the front and back surface nodes are as shown. 



-Insulated surface 

—Cooled surface 


Although the surface temperatures rapidly approaches that of the coolant, there is a significant lag in 
the thermal response of the back surface. The different responses are attributable to the small value of 
a and the large value of Bi. 




PROBLEM 5.100 


KNOWN: Plane wall, initially at a uniform temperature Tj = 25°C, is suddenly exposed to convection 
with a fluid at T k = 50°C with a convection coefficient h = 75 W/m 2 K at one surface, while the other is 
exposed to a constant heat flux t\ 0 = 2000 W/m 2 . See also Problem 2.43. 


FIND: (a) Using spatial and time increments of Ax = 5 mm and At = 20s, compute and plot the 
temperature distributions in the wall for the initial condition, the steady-state condition, and two 
intermediate times, (b) On -x coordinates, plot the heat flux distributions corresponding to the four 
temperature distributions represented in part (a), and (c) On c\" x -t coordinates, plot the heat flux at x = 0 


and x = L. 
SCHEMATIC: 


T(x ,<0) = Ti = 25°C 



1 m-1 


<&,a 


m 


m+1 


<Tx,b 


ASSUMPTIONS: (1) One-dimensional, transient conduction and (2) Constant properties. 


ANALYSIS: (a) Using the IHT Finite-Difference Equations, One-Dimensional, Transient Tool, the 
equations for determining the temperature distribution were obtained and solved with a spatial increment 
of Ax = 5 mm. Using the Lookup Table functions, the temperature distributions were plotted as shown 
below. 

(b) The heat flux, (\" x (x,t), at each node can be evaluated considering the control volume shown with the 
schematic above 


qx(m,p) = (qx, a + 4x,b )/ 2 = 


rpP _ rpP rpP _ rpP 

k (!)-^=l-- + k(l) m m+1 


Ax 


Ax 


= k ( T m-l- T m + l)/ 2A * 


From knowledge of the temperature distribution, the heat flux at each node for the selected times is 
computed and plotted below. 




—Initial condition, t<=0s 
—Time = 150s 
—e— Time = 300s 

-Steady-state conditions, t>1200s 


—Initial condition, t<=0s 
x Time = 150s 
o Time = 300s 

—■— Steady-state conditions, t>1200s 


(c) The heat fluxes for the locations x = 0 and x = L, are plotted as a function of time. At the x = 0 
surface, the heat flux is constant, q" = 2000 W/m 2 . At the x = L surface, the heat flux is given by 

Newton’s law of cooling, (\" x (L,t) = h[T(L,t) - T^ ]; at t = 0, c\ x (L,0) = -1875 W/m 2 . For steady-state 
conditions, the heat flux c\" x (x,°°) is everywhere constant at q". Continued... 






PROBLEM 5.100 (Cont.) 



—*— q"x(0,t) - Heater flux 
- q"x(L,t) - Convective flux 


Comments: The IHT workspace using the Finite-Difference Equations Tool to determine the 
temperature distributions and heat fluxes is shown below. Some lines of code were omitted to save space 
on the page. 

// Finite-Difference Equations, One-Dimensional, Transient Tool: 

// Node 0 - Applied heater flux 

/* Node 0: surface node (w-orientation); transient conditions; e labeled 1. 7 
rho * cp * der(T0,t) = fd_1d_sur_w(T0,T1,k,qdot,deltax,Tinf0,h0,q"a0) 
q"a0 = 2000 // Applied heat flux, W/m A 2; 

TinfO = 25 // Fluid temperature, C; arbitrary value since hO is zero; no convection process 

hO = 1e-20 // Convection coefficient, W/m A 2.K; made zero since no convection process 

// Interior Nodes 1 - 9: 

I* Node 1: interior node; e and w labeled 2 and 0. 7 
rho*cp*der(T1 ,t) = fd_1d_int(T1 ,T2,T0,k,qdot,deltax) 

/* Node 2: interior node; e and w labeled 3 and 1. 7 
rho*cp*der(T2,t) = fd_1d_int(T2,T3,T1 ,k,qdot,deltax) 


/* Node 9: interior node; e and w labeled 10 and 8. 7 
rho*cp*der(T9,t) = fd_1d_int(T9,T10,T8,k,qdot,deltax) 

// Node 10 - Convection process: 

I* Node 10: surface node (e-orientation); transient conditions; w labeled 9. 7 
rho * cp * der(T10,t) = fd_1d_sur_e(T10,T9,k,qdot,deltax,Tinf,h,q"a) 
q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 

// Heat Flux Distribution at Interior Nodes, q"m: 

q"1 = k / deltax * (TO - T2) / 2 
q"2 = k / deltax * (T1 - T3) / 2 


q"9 = k / deltax * (T8 - T10) / 2 

// Heat flux at boundary x= L, q"10 

q"xL = h * (T10 - Tinf) 

// Assigned Variables: 

deltax = 0.005 
k= 1.5 

alpha = 7.5e-6 
cp =1000 

alpha = k / (rho * cp) 
qdot = 0 
Ti = 25 
Tinf = 50 
h = 75 


// Spatial increment, m 

//thermal conductivity, W/m.K 

// Thermal diffusivity, m A 2/s 

// Specific heat, J/kg.K; arbitrary value 

// Defintion from which rho is calculated 

// Volumetric heat generation rate, W/m A 3 

// Initial temperature, C; used also for plotting initial distribution 

// Fluid temperature, K 

// Convection coefficient, W/m A 2.K 


// Solver Conditions: integrated t from 0 to 1200 with 1 s step, log every 2nd value 








PROBLEM 5.101 


KNOWN: Plane wall, initially at a uniform temperature T c = 25°C, has one surface (x = L) suddenly 
exposed to a convection process with = 50°C and h = 1000 W/m 2 K, while the other surface (x = 0) is 
maintained at T 0 . Also, the wall suddenly experiences uniform volumetric heating with q = 1 x 10 7 
W/m 3 . See also Problem 2.44. 

FIND: (a) Using spatial and time increments of Ax = 4 mm and At = Is, compute and plot the 
temperature distributions in the wall for the initial condition, the steady-state condition, and two 
intermediate times, and (b) On c\ x -t coordinates, plot the heat flux at x = 0 and x = L. At what elapsed 
time is there zero heat flux at x = L? 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, transient conduction and (2) Constant properties. 

ANALYSIS: (a) Using the IHT Finite-Difference Equations, One-Dimensional, Transient Tool, the 
temperature distributions were obtained and plotted below. 

(b) The heat flux, q"(L,t), can be expressed in terms of Newton’s law of cooling, 
q ;(L,t) = h(T 1 P 0 -T oo ). 

From the energy balance on the control volume about node 0 shown above, 

q'x (o, t) + Eg + q ; = 0 q' (o, t) = -q(Ax/2)-k( t, p -T g )/ax 

From knowledge of the temperature distribution, the heat fluxes are computed and plotted. 



• Initial condition, t<=0s 
x Time = 60s 
—©— Time = 120s 

- Steady-state conditions, t>600s 



Elapsed time, t(s) 

- q"x(0,t) 

—q"x(L,t) 


COMMENTS: The steady-state analytical solution has the form of Eq. 3.40 where Ci = 6500 m-l/°C 
and C 2 = 25°C. Find q” (0,°°) = -3.25xlO 5 W/m 2 and q* (L) =+7.5x10^ W/m“. Comparing with 
the graphical results above, we conclude that steady-state conditions are not reached in 600 x. 






PROBLEM 5.102 

KNOWN: Fuel element of Example 5.8 is initially at a uniform temperature of 250°C with 

8 3 

no internal generation; suddenly a uniform generation, q = 10 W/m , occurs when the 
element is inserted into the core while the surfaces experience convection (To^h). 

FIND: Temperature distribution 1.5s after element is inserted into the core. 

SCHEMATIC: 




A 


ASSUMPTIONS: (1) One-dimensional transient conduction, (2) Constant properties, (3) 
q = 0, initially; at t > 0, q is uniform. 


ANALYSIS: As suggested, the explicit method with a space increment of 2mm will be used. 
Using the nodal network of Example 5.8, the same finite-difference equations may be used. 

Interior nodes , m = 1, 2, 3, 4 


r rP + l 

A m 


= Fo 


T p , +T P + 
m-1 m+1 


q(Ax)^ 


+ (l-2Fo)TP. 


( 1 ) 


Midplane node, m = 0 

Same as Eq. (1), but with | = T^ +1 
Surface node, m = 5 


rj,p+l 

l 5 


= 2 Fo 


T”' P 

*4 


+ Bi ■ Tqq + 


q(Ax) 2 

2k 


+ (l - 2Fo - 2Bi ■ Fo)T p . 


( 2 ) 


The most restrictive stability criterion is associated with Eq. (2), Fo(l+Bi) < 1/2. Consider the 
following parameters: 

hAx 1100W/m 2 Kx (0.002m) 

Bi =-=- V -= 0.0733 


Fo < 


1/2 


(l + Bi) 


30W/m ■ K 
= 0.466 


Fo(Ax) 2 (0.002m) 2 

At <—4 —!_ = 0.466- v ’ 


a 


5xl0~ 6 m 2 /s 


= 0.373s. 


Continued 





PROBLEM 5.102 (Cont.) 


To be well within the stability limit, select At = 0.3s, which corresponds to 


„ aAt 5x10 6 m 2 /sx0.3s _ 

Fo = —— =---= 0.375 

Ax 2 (0.002m) 2 


t = pAt = 0.3p(s). 


Substituting numerical values with q = 10°W/m , the nodal equations become 


tP+ I 

L 0 

r rP + l 

L 0 

r rP + l 

A 1 

rj,p+l 

L 2 

rpP+l 


r rP + l 

l 4 


HT^P+l 

l 5 

tP+i 

L 5 


= 0.375 
= 0.375 
= 0.375 
= 0.375 
= 0.375 
= 0.375 
= 2x0.375 
= 0.750 


2T P +10 8 W/m 3 (0.002m) 2 /30W/m ■ K + (l-2x0.375)Tj 


2T P +13.33 


+ 0.25 


T 0 + T 2 + 13 - 33 
TP+T P +13.33 

TP+T P +13.33 
T 3+ T 5 + 13 - 33 


+ 0.25 Tf 


+ 0.25 T| 


+ 0.25 T| 


+ 0.25 T| 


( 3 ) 

( 4 ) 

( 5 ) 

( 6 ) 
( 7 ) 


Tf +0.0733 x250 + ^-^ 
4 2 


+ (1-2x0.375 - 2 x0.0733x0.375)tP 


tP + 24.99 


+ 0.195 TP. 


( 8 ) 


The initial temperature distribution is Tj = 250°C at all nodes. The marching solution, 
following the procedure of Example 5.8, is represented in the table below. 


p 

t(s) 

T 0 

Tt 

t 2 

t 3 

t 4 

T 5 (°C) 

0 

0 

250 

250 

250 

250 

250 

250 

1 

0.3 

255.00 

255.00 

255.00 

255.00 

255.00 

254.99 

2 

0.6 

260.00 

260.00 

260.00 

260.00 

260.00 

259.72 

3 

0.9 

265.00 

265.00 

265.00 

265.00 

264.89 

264.39 

4 

1.2 

270.00 

270.00 

270.00 

269.96 

269.74 

268.97 

5 

1.5 

275.00 

275.00 

274.98 

274.89 

274.53 

273.50 


The desired temperature distribution T(x, 1.5s), corresponds to p = 5. 

COMMENTS: Note that the nodes near the midplane (0,1) do not feel any effect of the 
coolant during the first 1.5s time period. 



PROBLEM 5.103 


KNOWN: Conditions associated with heat generation in a rectangular fuel element with surface 
cooling. See Example 5.8. 


FIND: (a) The temperature distribution 1.5 s after the change in operating power; compare your 
results with those tabulated in the example, (b) Calculate and plot temperature histories at the mid¬ 
plane (00) and surface (05) nodes for 0< t < 400 s; determine the new steady-state temperatures, and 
approximately how long it will take to reach the new steady-state condition after the step change in 
operating power. Use the IHT Tools I Finite-Difference Equations I One-Dimensional I Transient 
conduction model builder as your solution tool. 


SCHEMATIC: 


Symmetry 

adiabat 


^00 01 

r 

x 


02 03 04 05 


I 

L = 10 mm 


Too = 250°C 
h = 1100 W/m 2 -K 



Fuel element 

q-i = IxlO 7 W/m 3 
q 2 = 2x10 7 W/m 3 
a = 5x1 0 -6 m 2 /s 
k = 30 W/m-K 


ASSUMPTIONS: (1) One dimensional conduction in the x-direction, (2) Uniform generation, and (3) 
Constant properties. 

ANALYIS: The IHT model builder provides the transient finite-difference equations for the implicit 
method of solution. Selected portions of the IHT code used to obtain the results tabulated below are 
shown in the Comments. 


(a) Using the IHT code, the temperature distribution (°C) as a function of time (s) up to 1.5 s after the 
step power change is obtained from the summarized results copied into the workspace 



t 

TOO 

T01 

T02 

T03 

T04 

T05 

1 

0 

357.6 

356.9 

354.9 

351.6 

346.9 

340.9 

2 

0.3 

358.1 

357.4 

355.4 

352.1 

347.4 

341.4 

3 

0.6 

358.6 

357.9 

355.9 

352.6 

347.9 

341.9 

4 

0.9 

359.1 

358.4 

356.4 

353.1 

348.4 

342.3 

5 

1.2 

359.6 

358.9 

356.9 

353.6 

348.9 

342.8 

6 

1.5 

360.1 

359.4 

357.4 

354.1 

349.3 

343.2 


(b) Using the code, the mid-plane (00) and surface (05) node temperatures are plotted as a function of 
time. 



-TOO, Mid-plane, x = 0 

—T05, Surface, x = L 


Continued 




PROBLEM 5.103 (Cont.) 


Note that at t ~ 240 s, the wall has nearly reached the new steady-state condition for which the nodal 
temperatures (°C) were found as: 

TOO T01 T02 T03 T04 T05 

465 463.7 459.7 453 443.7 431.7 


COMMENTS: (1) Can you validate the new steady-state nodal temperatures from part (b) by 
comparison against an analytical solution? 

(2) Will using a smaller time increment improve the accuracy of the results? Use your code with At = 
0.15 s to justify your explanation. 

(3) Selected portions of the IHT code to obtain the nodal temperature distribution using spatial and 
time increments of Ax = 2 mm and At = 0.3 s, respectively, are shown below. For the solve- 
integration step, the initial condition for each of the nodes corresponds to the steady-state temperature 
distribution with C]|. 

//Tools | Finite-Difference Equations | One-Dimensional | Transient 

/* Node 00: surface node (w-orientation); transient conditions; e labeled 01. V 

rho * cp * der(T00,t) = fd_1d_sur_w(T00,T01 ,k,qdot,deltax,Tinf01 ,h01 ,q"a00) 

q"a00 = 0 // Applied heat flux, W/m A 2; zero flux shown 

TinfOl = 20 //Arbitrary value 

hOI = 1 e-8 // Causes boundary to behave as adiabatic 

I* Node 01: interior node; e and w labeled 02 and 00. 7 

rho*cp*der(T01,t) = fd_1d_int(T01,T02,T00,k,qdot,deltax) 

/* Node 02: interior node; e and w labeled 03 and 01. 7 
rho*cp*der(T02,t) = fd_1 d_int(T02,T03,T01 ,k,qdot,deltax) 
f Node 03: interior node; e and w labeled 04 and 02. V 
rho*cp*der(T03,t) = fd_1d_int(T03,T04,T02,k,qdot,deltax) 

/* Node 04: interior node; e and w labeled 05 and 03. 7 
rho*cp*der(T04,t) = fd_1d_int(T04,T05,T03,k,qdot,deltax) 

/* Node 05: surface node (e-orientation); transient conditions; w labeled 04. 7 

rho * cp * der(T05,t) = fd_1d_sur_e(T05,T04,k,qdot,deltax,Tinf05,h05,q"a05) 

q"a05 = 0 // Applied heat flux, W/m A 2; zero flux shown 

Tinf05 = 250 // Coolant temperature, C 

h05 = 1100 // Convection coefficient, W/m A 2.K 

// Input parameters 

qdot = 2e7 // Volumetric rate, W/m A 3, step change 

deltax = 0.002 // Space increment 

k = 30 // Thermophysical properties 

alpha = 5e-6 

rho = 1000 

alpha = k / (rho * cp) 

/* Steady-state conditions, with qdotl = 1 e7 W/m A 3; initial conditions for step change 
T_x = 16.67 * (1 - x A 2/L A 2) + 340.91 // See text 

Seek T_x for x = 0, 2, 4, 6, 8, 10 mm; results used for Ti are 


Node 

T x 

00 

357.6 

01 

356.9 

02 

354.9 

03 

351.6 

04 

346.9 

05 

340.9 



PROBLEM 5.104 


KNOWN: Conditions associated with heat generation in a rectangular fuel element with surface 
cooling. See Example 5.8. 

FIND: (a) The temperature distribution 1.5 s after the change in the operating power; compare results 
with those tabulated in the Example, and (b) Plot the temperature histories at the midplane, x = 0, and 
the surface, x = L, for 0 < t < 400 s; determine the new steady-state temperatures, and approximately 
how long it takes to reach this condition. Use the finite-element software FEHT as your solution tool. 

SCHEMATIC: 


Symmetry 

adiabat 


I 


u 



T(x, 0) = T 1 (x,q 1 ) 

Too = 250°C 
h = 1100 W/m 2 -K 


ft 


Coolan 


L = 10 mm 


Fuel element 

q., = IxlO 7 W/m 3 
q 2 = 2x10 7 W/m 3 
a = 5x1 0‘ 6 m 2 /s 
k = 30 W/m-K 


ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Uniform generation, (3) 
Constant properties. 

ANALYSIS: Using FEHT , an outline of the fuel element is drawn of thickness 10 mm in the x- 
direction and arbitrary length in the y-direction. The boundary conditions are specified as follows: on 
the y-planes and the x = 0 plane, treat as adiabatic; on the x = 10 mm plane, specify the convection 
option. Specify the material properties and the internal generation with q ] . In the Setup menu, click 
on Steady-state, and then Run to obtain the temperature distribution corresponding to the initial 
temperature distribution, Tj (x,0) = T ( x, q ] ), before the change in operating power to q 2 - 


Next, in the Setup menu, click on Transient, in the Specify I Internal Generation box, change the value 
to q2; and in the Run command, click on Continue (not Calculate). 


(a) The temperature distribution 1.5 s after the change in operating power from the FEHT analysis and 
from the FDE analysis in the Example are tabulated below. 


x/L 

T(x/L, 1.5 s) 

0 

0.2 

0.4 

0.6 

0.8 

1.0 

FEHT (°C) 

360.1 

359.4 

357.4 

354.1 

349.3 

343.2 

FDE (°C) 

360.08 

359.41 

357.41 

354.07 

349.37 

343.27 


The mesh spacing for the FEHT analysis was 0.5 mm and the time increment was 0.005 s. For the 
FDE analyses, the spatial and time increments were 2 mm and 0.3 s. The agreement between the 
results from the two numerical methods is within 0.1°C. 

(b) Using the FEHT code, the temperature histories at the mid-plane (x = 0) and the surface (x = L) are 
plotted as a function of time. 


Continued 




PROBLEM 5.104 (Cont.) 


Temperature history after step change in power 



From the distribution, the steady-state condition (based upon 98% change) is approached in 215 s. 
The steady-state temperature distributions after the step change in power from the FEHT and FDE 
analysis in the Example are tabulated below. The agreement between the results from the two 
numerical methods is within 0.1 °C 


x/L 

0 

0.2 

0.4 

0.6 

0.8 

1.0 

T(x/L, oo) 

FEHT (°C) 

465.0 

463.7 

459.6 

453.0 

443.6 

431.7 

FDE (°C) 

465.15 

463.82 

459.82 

453.15 

443.82 

431.82 


COMMENTS: (1) For background information on the Continue option, see the Run menu in the 
FEHT Help section. Using the Run/Calculate command, the steady-state temperature distribution was 
determined for the C] ] operating power. Using the Run\Continue command (after re-setting the 
generation to q2 and clicking on Setup I Transient ), this steady-state distribution automatically 
becomes the initial temperature distribution for the q 2 operating power. This feature allows for 
conveniently prescribing a non-uniform initial temperature distribution for a transient analysis (rather 
than specifying values on a node-by-node basis). 

(2) Use the View I Tabular Output command to obtain nodal temperatures to the maximum number of 
significant figures resulting from the analysis. 


(3) Can you validate the new steady-state nodal temperatures from part (b) (with C| 2 , t —> °°) by 
comparison against an analytical solution? 




PROBLEM 5.105 


KNOWN: Thickness, initial temperature, speed and thermophysical properties of steel in a thin-slab 
continuous casting process. Surface convection conditions. 

FIND: Time required to cool the outer surface to a prescribed temperature. Corresponding value of 
the midplane temperature and length of cooling section. 

SCHEMATIC: 


L = 100 mm Ax = 10 mm Av=15mm/s 


Water jets}; 

T O0 =50°C 
h = 5000 W/m 2 -K 


A A 


Tio 


y' 

K-H 

1 l 

i 

// 1 

// t 9 
// a 

! t 8 ] 


>/ • 

//| 

i # 

| | 


// 

/A 

| 



T 2 


T, 


"1 

:^i T 

1 0 Symmetry plane 

!^i 


Cast steel, Tj = 1400°C 


p = 7800 kg/m 3 
c = 700 J/kg-K 
k = 30 W/m-K 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Negligible radiation at quenched surfaces, 
(3) Symmetry about the midplane, (4) Constant properties. 

ANALYSIS: Adopting the implicit scheme, the finite-difference equaiton for the cooled surface 
node is given by Eq. (5.88), from which it follows that 

(1 + 2 Fo + 2 FoBi) T^ 1 - 2 Fo T| +1 = 2 FoBi + T,P 

The general form of the finite-difference equation for any interior node (1 to 9) is given by Eq. (5.89), 

(1 + 2 Fo) iff 1 - Fo (t£* + T& 1 ,) = T£ 

The finite-difference equation for the midplane node may be obtained by applying the symmetry 
requirement to Eq. (5.89); that is, T^ 1+1 = T^ j. Hence, 

(l + 2Fo)TP +1 —2FoTP +1 =TP 

For the prescribed conditions, Bi = hAx/k = 5000 W/irf-K (0.010m)/30 W/m-K = 1.67. If the explicit 

method were used, the stability requirement would be given by Eq. (5.79). Hence, for Fo(l + Bi) < 

2 6 2 

0.5, Fo < 0.187. With Fo = aAt/Ax and a = k/pc = 5.49 X 10 m”/s, the corresponding restriction on 
the time increment would be At < 3.40s. Although no such restriction applies for the implicit method, 
a value of At = Is is chosen, and the set of 11 finite-difference equations is solved using the Tools 
option designated as Finite-Difference Equations , One-Dimensional and Transient from the IHT 

Toolpad. For Tio (t) = 300°C, the solution yields 

t = 161s < 


Continued 







PROBLEM 5.105 (Cont.) 


T 0 (t) = 1364°C < 

With a casting speed of V = 15 mm/s, the length of the cooling section is 

L cs = Vt = 0.015 m/s(l61s) = 2.42m < 

COMMENTS: (1) With Fo = at/L” = 0.088 < 0.2, the one-term approximation to the exact solution 
for one-dimensional conduction in a plane wall cannot be used to confirm the foregoing results. 
However, using the exact solution from the Models, Transient Conduction, Plane Wall Option of IHT, 
values of To = 1366°C and T s = 200.7°C are obtained and are in good agreement with the finite- 
difference predictions. The accuracy of these predictions could still be improved by reducing the 
value of Ax. 

(2) Temperature histories for the surface and midplane nodes are plotted for 0 < t < 600s. 



- Midplane 

—Cooled surface 


While T 10 (600s) = 124°C, T 0 (600s) has only dropped to 879°C. The much slower thermal 
response at the midplane is attributable to the small value of a and the large value of Bi = 
16.67. 




PROBLEM 5.106 


KNOWN: Very thick plate, initially at a uniform temperature, Tj, is suddenly exposed to a 
convection cooling process (Too,h). 

FIND: Temperatures at the surface and a 45mm depth after 3 minutes using finite-difference 
method with space and time increments of 15mm and 18s. 

SCHEMATIC: 


4, »/5*C 
h-100W/,. 







Coolant 



■Thick plate 
T,=3Z5*C 
oc=5.6xl0~ 6 r 
k ~ZOW/m K 


Tco. 



ASSUMPTIONS: (1) One-dimensional transient conduction, (2) Plate approximates semi- in finite 
medium, (3) Constant properties. 

ANALYSIS: The grid network representing the plate is shown above. The finite-difference 
equation for node 0 is given by Eq. 5.82 for one-dimensional conditions or Eq. 5.77, 

T 0 P+1 = 2 Fo( t, p +Bi -Too j +(l —2 Fo- 2 Bi- Fo) T Q P . (1) 

The numerical values of Fo and Bi are 

„ aAt 5.6xl0 _6 m 2 /sxl8s . .. 0 
Fo =— T = - Tj -= 0.448 

Ax z (0.015m) 

i a 100 W/m 2 ■ Kx(l5xl0" 3 m) 

Bi =-=---- = 0.075. 

k 20 W/m -K 

Recognizing that T>o = 15°C, Eq. (1) has the form 

T p+1 = 0.0359 T p + 0.897 Tf +1.01. (2) 

It is important to satisfy the stability criterion, Fo (1+Bi) < 1/2. Substituting values, 

0.448 (1+0.075) = 0.482 < 1/2, and the criterion is satisfied. 

The finite-difference equation for the interior nodes, m = 1,2..., follows from Eq. 5.73, 

t £ +1 =Fo(tP + i +tP_ 1 )+(1-2Fo)t£. (3) 

Recognizing that the stability criterion, Fo < 1/2, is satisfied with Fo = 0.448, 

T p+1 =0.448(T p +1 +T p 1 )+0.104T p . (4) 


Continued 




PROBLEM 5.106 (Cont.) 


The time scale is related to p, the number of steps in the calculation procedure, and At, the time 
increment, 

t = pAt. (5) 

The finite-difference calculations can now be performed using Eqs. (2) and (4). The results are 
tabulated below. 


p 

t(s) 

To 

Tt 

t 2 

t 3 

t 4 

t 5 

t 6 

T 7 (K) 

0 

0 

325 

325 

325 

325 

325 

325 

325 

325 

1 

18 

304.2 

324.7 

325 

325 

325 

325 

325 

325 

2 

36 

303.2 

315.3 

324.5 

325 

325 

325 

325 

325 

3 

54 

294.7 

313.7 

320.3 

324.5 

325 

325 

325 

325 

4 

72 

293.0 

307.8 

318.9 

322.5 

324.5 

325 

325 

325 

5 

90 

287.6 

305.8 

315.2 

321.5 

323.5 

324.5 

325 

325 

6 

108 

285.6 

301.6 

313.5 

319.3 

322.7 

324.0 

324.5 

325 

7 

126 

281.8 

299.5 

310.5 

317.9 

321.4 

323.3 

324.2 


8 

144 

279.8 

296.2 

308.6 

315.8 

320.4 

322.5 



9 

162 

276.7 

294.1 

306.0 

314.3 

319.0 




10 

180 

274.8 

291.3 

304.1 

312.4 





Hence, find 










T(0, 180s) = 

Tq° = 275°C 

T (45 mm, 180s) 

ii 

o 

II 

312°C. 


< 


COMMENTS: (1) The above results can be readily checked against the analytical solution 
represented in Fig. 5.8 (see also Eq. 5.60). For x = 0 and t = 180s, find 

-^T72 =0 

2(a t) 1/2 

h(a t) 1/2 100W/m 2 .K(5.60xl0- 6 m 2 /sxl80s 

k ~ 20 W/m ■ K 

for which the figure gives 


Too Tj 

so that, 

T (0, 180s) = 0.15 (T^ -Ti) +Ti = 0.15 (15- 325)° C+ 325°C 
T (0, 180s) = 278° C. 

For x = 45mm, the procedure yields T(45mm, 180s) = 316°C. The agreement with the numerical 
solution is nearly within 1%. 


a/2 


0.16 



PROBLEM 5.107 


KNOWN: Sudden exposure of the surface of a thick slab, initially at a uniform temperature, 
to convection and to surroundings at a high temperature. 


FIND: (a) Explicit, finite-difference equation for the surface node in terms of Fo, Bi, Bi r , (b) 
Stability criterion; whether it is more restrictive than that for an interior node and does it 
change with time, and (c) Temperature at the surface and at 30mm depth for prescribed 
conditions after 1 minute exposure. 






T su A000K 



k=1.5V\l/mK 
<x.= 7%10~ 7 m*/s 
27°O300K 




Part (C)-Tbescri bed conditions 


ASSUMPTIONS: (1) One-dimensional transient conduction, (2) Thick slab may be 
approximated as semi-infinite medium, (3) Constant properties, (4) Radiation exchange is 
between small surface and large surroundings. 


ANALYSIS: (a) The explicit form of the FDE for 
the surface node may be obtained by applying an 
energy balance to a control volume about the node. 

^in — ^out — Oconv + Orad + Ocond — ^st 
li(Tc-T 0 p ) + h r (T sur -T 0 P) + k. 


T P_ X P 

Ax 



= pc 


^.i 

2 


^p+l _ r T"'P 


At 


( 1 ) 


where the radiation process has been linearized, Eq. 1.8. (See also Comment 4, Example 5.9), 

i2 3 


h r - hj? (t^ , T sur j - £<7 1 


T 0 P + T S ur j 


"rP 

A 0 


+ T 


sur 


Divide Eq. (1) by pcAx/2At and regroup using these definitions to obtain the FDE: 
Fo = (k Ip c)At/Ax 2 Bi = hAx/k Bi r = h r Ax/k 


( 2 ) 


(3,4,5) 


TP +1 = 2Fo (Bi ■ T^ + Bi r ■ T sur + Tf) + (l - 2 Bi • Fo - 2Bi r ■ Fo - 2 Fo)tP . (6) < 


(b) The stability criterion for Eq. (6) requires that the coefficient of T^ be positive. 

1 - 2Fo(Bi + Bi r +1) > 0 or Fo < 1/2(Bi + Bi r +1). (7) < 

The stability criterion for an interior node, Eq. 5.74, is Fo < 1/2. Since Bi + Bi r > 0, the 
stability criterion of the surface node is more restrictive. Note that Bi r is not constant but 
depends upon h r which increases with increasing Tq (time). Hence, the restriction on Fo 
increases with increasing Tq (time). 


Continued 





PROBLEM 5.107 (Cont.) 

(c) Consider the prescribed conditions with negligible convection (Bi = 0). The FDEs for the 
thick slab are: 

Surface (0) T p+1 = 2Fo ^Bi • Fo + Bi r • T sur + Tj P J + (l - 2Bi • Fo - 2Bi r • Fo - 2Fo)T p (8) 

Interior (m>l) TP +1 = Fo(tP +1 + T P_ 1 ) + (1-2Fo)tP (9,5,7,3) 

The stability criterion from Eq. (7) with Bi = 0 is, 

Fo <l/2(l + Bi r ) (10) 

To proceed with the explicit, marching solution, we need to select a value of At (Fo) that will 
satisfy the stability criterion. A few trial calculations are helpful. A value of At = 15s 
provides Fo = 0.105, and using Eqs. (2) and (5), h r (300K, 1000K) = 72.3 W/rcT-K and Bi r = 

0.482. From the stability criterion, Eq. (10), find Fo < 0.337. With increasing T^, h r and Bi r 
increase: h r (800K, 1000K) = 150.6 W/nCK, Bi r = 1.004 and Fo < 0.249. Hence, if 
Tq < 800K, At = 15s or Fo = 0.105 satisfies the stability criterion. 

Using At = 15s or Fo = 0.105 with the FDEs, Eqs. (8) and (9), the results of the solution are 
tabulated below. Note how hj? and Bij? are evaluated at each time increment. Note that t = 
p-At, where At = 15s. 

p t(s) T 0 /hj?/Bi r T1(K) T 2 T 3 T 4 

0 0 300 300 300 300 300 

72.3 
0.482 

1 15 370.867 300 300 300 300 

79.577 

0.5305 

2 30 426.079 307.441 300 300 300 

85.984 

0.5733 

3 45 470.256 319.117 300.781 300 300 

91.619 

0.6108 

4 60 502.289 333.061 302.624 300.082 300 

After 60s(p = 4), T o (0, 1 min) = 502.3K and T3(30mm, 1 min) = 300.IK. < 

COMMENTS: (1) The form of the FDE representing the surface node agrees with Eq. 5.82 
if this equation is reduced to one-dimension. 

(2) We should recognize that the At = 15s time increment represents a coarse step. To 
improve the accuracy of the solution, a smaller At should be chosen. 



PROBLEM 5.108 


KNOWN: Thick slab of copper, initially at a uniform temperature, is suddenly exposed to a constant 
net radiant flux at one surface. See Example 5.9. 

FIND: (a) The nodal temperatures at nodes 00 and 04 at t = 120 s; that is, T00(0, 120 s) and T04(0.15 
m, 120 s); compare results with those given by the exact solution in Comment 1; will a time increment 
of 0.12 s provide more accurate results?; and, (b) Plot the temperature histories for x = 0, 150 and 600 
mm, and explain key features of your results. Use the IHT Tools I Finite-Difference Equations I One- 
Dimensional I Transient conduction model builder to obtain the implicit form of the FDEs for the 
interior nodes. Use space and time increments of 37.5 mm and 1.2 s, respectively, for a 17-node 
network. For the surface node 00, use the FDE derived in Section 2 of the Example. 

SCHEMATIC: 


q” = 3x10 5 W/m 2 

-► 

-► 

-► 

-► 


00 01 02 14 15 16 Ax = 37.5 mm 

• • •• • At = 1.2 s 

T(x, 0) = Tj = 20°C 
k = 401 W/m-K 
1 —> x a = 117x10‘ 6 m 2 /s 


V 


ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Slab of thickness 600 mm 
approximates a semi-infinite medium, and (3) Constant properties. 

ANALYSIS: The IHT model builder provides the implicit-method FDEs for the interior nodes, 01 - 
15. The +x boundary condition for the node-16 control volume is assumed adiabatic. The FDE for the 
surface node 00 exposed to the net radiant flux was derived in the Example analysis. Selected portions 
of the IHT code used to obtain the following results are shown in the Comments. 

(a) The 00 and 04 nodal temperatures for t = 120 s are tabulated below using a time increment of At = 
1.2 s and 0.12 s, and compared with the results given from the exact analytical solution, Eq. 5.59. 


Node 

FDE results (°C) 

Analytical result (°C) 


At = 1.2 s 

At = 0.12 s 

Eq. 5.59 

00 

119.3 

119.4 

120.0 

04 

45.09 

45.10 

45.4 


The numerical FDE-based results with the different time increments agree quite closely with one 
another. At the surface, the numerical results are nearly 1 °C less than the result from the exact 
analytical solution. This difference represents an error of -1% (-1 °C / (120 - 20 ) °C x 100). At the 
x = 150 mm location, the difference is about -0.4 °C, representing an error of-1.5%. For this 
situation, the smaller time increment (0.12 s) did not provide improved accuracy. To improve the 
accuracy of the numerical model, it would be necessary to reduce the space increment, in addition to 
using the smaller time increment. 

(b) The temperature histories for x = 0, 150 and 600 mm (nodes 00, 04, and 16) for the range 0 < t < 
150 s are as follows. 


Continued 




PROBLEM 5.108 (Cont.) 


Tern perature histories forNodes 00,04,and 16 



-TOO = T(0, t) 

—•— T04 = T(1 50 mm,t) 
TOO = T(600 m m , t) 


As expected, the surface temperature, TOO = T(0,t), increases markedly at early times. As thermal 
penetration increases with increasing time, the temperature at the location x = 150 mm, T04 = T(150 
mm, t), begins to increase after about 20 s. Note, however, the temperature at the location x = 600 
mm, T16 = T(600 mm, t), does not change significantly within the 150 s duration of the applied 
surface heat flux. Our assumption of treating the +x boundary of the node 16 control volume as 
adiabatic is justified. A copper plate of 600-mm thickness is a good approximation to a semi-infinite 
medium at times less than 150 s. 


COMMENTS: Selected portions of the IHT code with the nodal equations to obtain the temperature 
distribution are shown below. Note how the FDE for node 00 is written in terms of an energy balance 
using the der (T,t) function. The FDE for node 16 assumes that the “east” boundary is adiabatic. 


// Finite-difference equation, node 00; from Examples solution derivation; implicit method 

q"o + k * (T01 - TOO) / deltax = rho * (deltax / 2) *cp * der (T00,t) 

// Finite-difference equations, interior nodes 01-15; from Tools 

/* Node 01: interior node; e and w labeled 02 and 00. */ 
rho*cp*der(T01,t) = fd_1d_int(T01,T02,TOO,k,qdot,deltax) 
rho*cp*der(T02,t) = fd_1d_int(T02,T03,T01 ,k,qdot, deltax) 


rho*cp*der(T 14,t) = fd_1 d_int(T 14,T 15,T 13,k.qdot,deltax) 
rho*cp*der(T 15,t) = fd_1 d_int(T 15,T 16,T 14, k.qdot, deltax) 

// Finite-difference equation node 16; from Tools, adiabatic surface 

/* Node 16: surface node (e-orientation); transient conditions; w labeled 15. 7 
rho * cp * der(T16,t) = fd_1d_sur_e(T16,T15,k,qdot,deltax,Tinf16,h16,q"a16) 
q"a16 = 0 // Applied heat flux, W/m A 2; zero flux shown 

Tinfl 6 = 20 //Arbitrary value 

h 16 = 1 e-8 // Causes boundary to behave as adiabatic 





PROBLEM 5.109 


KNOWN: Thick slab of copper as treated in Example 5.9, initially at a uniform temperature, is 
suddenly exposed to large surroundings at 1000°C (instead of a net radiant flux). 

FIND: (a) The temperatures T(0, 120 s) and T(0.15 m, 120s) using the finite-element software FEHT 
for a surface emissivity of 0.94 and (b) Plot the temperature histories for x = 0, 150 and 600 mm, and 
explain key features of your results. 

SCHEMATIC: 


T(x, 0) = Tj = 20°C 

p = 8933 kg/m 3 
c = 385 J/kg-K 
k = 401 W/m-K 


ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, (2) Slab of thickness 600 mm 
approximates a semi-infinite medium, (3) Slab is small object in large, isothermal surroundings. 

ANALYSIS: (a) Using FEHT, an outline of the slab is drawn of thickness 600 mm in the x-direction 
and arbitrary length in the y-direction. Click on Setup I Temperatures in K , to enter all temperatures in 
kelvins. The boundary conditions are specified as follows: on the y-planes and the x = 600 mm plane, 
treat as adiabatic; on the surface (0,y), select the convection coefficient option, enter the linearized 
radiation coefficient after Eq. 1.9 written as 

0.94 * 5.67e-8 * (T + 1273) * (T A 2 + 1273 A 2) 

and enter the surroundings temperature, 1273 K, in the fluid temperature box. See the Comments for a 
view of the input screen. From View\Temperatures, find the results: 

T(0, 120 s) = 339 K = 66°C T(150 mm, 120 s) - 305K = 32°C < 

(b) Using the View I Temperatures command, the temperature histories for x = 0, 150 and 600 mm (10 
mm mesh, Nodes 18, 23 and 15, respectively) are plotted. As expected, the surface temperature 
increases markedly at early times. As thermal penetration increases with increasing time, the 
temperature at the location x = 150 mm begins to increase after about 30 s. Note, however, that the 
temperature at the location x = 600 mm does not change significantly within the 150 s exposure to the 
hot surroundings. Our assumption of treating the boundary at the x = 600 mm plane as adiabatic is 
justified. A copper plate of 600 mm is a good approximation to a semi-infinite medium at times less 
than 150 s. 



Continued 




PROBLEM 5.109 (Cont.) 


Temperature history after sudden exposure to surroundings 



Time [sec] 


COMMENTS: The annotated Input screen shows the outline of the slab, the boundary conditions, 
and the triangular mesh before using the Reduce-mesh option. 







PPROBLEM 5.110 


KNOWN: Electric heater sandwiched between two thick plates whose surfaces experience 
convection. Case 2 corresponds to steady-state operation with a loss of coolant on the x = -L surface. 
Suddenly, a second loss of coolant condition occurs on the x = +L surface, but the heater remains 
energized for the next 15 minutes. Case 3 corresponds to the eventual steady-state condition following 
the second loss of coolant event. See Problem 2.53. 

FIND: Calculate and plot the temperature time histories at the plate locations x = 0, ±L during the 
transient period between steady-state distributions for Case 2 and Case 3 using the finite-element 
approach with FEHT and the finite-difference method of solution with IHT (Ax = 5 mm and At = 1 s). 

SCHEMATIC: 




ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Heater has negligible 
thickness, and (4) Negligible thermal resistance between the heater surfaces and the plates. 

PROPERTIES: Plate material (given); p = 2500 kg/m 3 , c = 700 J/kg-K, k = 5 W/m-K. 

ANALYSIS: The temperature distribution for Case 2 shown in the above graph represents the initial 
condition for the period of time following the second loss of coolant event. The boundary conditions 
at x = ±L are adiabatic, and the heater flux is maintained at q 0 = 4000 W/m for 0 < t < 15 min. 

Using FEHT , the heater is represented as a plate of thickness = 0.5 mm with very low thermal 
capacitance (p = 1 kg/m and c = I J/kg-K), very high thermal conductivity (k= 10,000 W/m-K), and a 

uniform volumetric generation rate of q = q” / L h = 4000 W / m 2 /0.0005 m = 8.0x 10 6 W/m 3 for 0 < t < 

900 s. In the Specify I Generation box, the generation was prescribed by the lookup file (see FEHT 
Help): ‘hfvst’, 1,2,Time. This Notepad file is comprised of four lines, with the values on each line 
separated by a single tab space: 

0 8e6 

900 8e6 

901 0 

5000 0 

The temperature-time histories are shown in the graph below for the surfaces x = - L (lowest curve, 

13) and x = +L (19) and the center point x = 0 (highest curve, 14). The center point experiences the 
maximum temperature of 89°C at the time the heater is deactivated, t = 900 s. 


Continued 







PROBLEM 5.110 


For the finite-difference method of solution, the nodal arrangement for the system is shown below. 
The IHT model builder Tools I Finite-Difference Equations I One Dimensional can be used to obtain 
the FDEs for the internal nodes (02-04, 07-10) and the adiabatic boundary nodes (01, 11). 



Time [sec] 


Heater, q“ = 4000 W/m 2 , 0^t^ 900 s 


I 

01 / 


T(x,t*0) = T 2 (x) 


-gen 


4o (°^ U toff) 
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i 1- 


0b 


-L Ax = 5 mm +L 

Nodal arrangement, FDE solution 


Control volume, node 06 


For the heater-plate interface node 06, the FDE for the implicit method is derived from an energy 
balance on the control volume shown in the schematic above. 


P _ p 

'Nn ^-out 


I p" — p" 

_r ^gen — ^st 


qa+qb+Oo = E st 


T p+1_ T P+1 T p+l_ T p+l 

Aac Aa/; Anr, I (\/l 


05 


Ax 


06 _ + k . 07 


06 


Ax 


' + Oo = P c ^x 


mP+l _ r rP 


06 


06 


At 


The IHT code representing selected nodes is shown below for the adiabatic boundary node 01, interior 
node 02. and the heater-plates interface node 06. Note how the foregoing derived finite-difference 
equation in implicit form is written in the IHT Workspace. Note also the use of a Lookup Table for 
representing the heater flux vs. time. 


Continued 
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// Finite-difference equations from Tools, Nodes 01, 02 

/* Node 01: surface node (w-orientation); transient conditions; e labeled 02. 7 
rho * cp * der(T01 ,t) = fd_1d_sur_w(T01,T02,k,qdot,deltax,Tinf01 ,h01 ,q"a01) 
q"a01 =0 // Applied heat flux, W/m A 2; zero flux shown 

qdot = 0 //No internal generation 

TinfOl = 20 //Arbitrary value 

hOI = 1 e-6 // Causes boundary to behave as adiabatic 

/* Node 02: interior node; e and w labeled 03 and 01. 7 
rho*cp*der(T02,t) = fd_1 d_int(T02,T03,T01 ,k,qdot,deltax) 


// Finite-difference equation from energy balance on CV, Node 06 

k * (T05 - T06) / deltax + k * (T07 - T06)/ deltax + q"h = rho * cp * deltax * der(T06,t) 
q"h = LOOKUPVAL(qhvst,1,t,2) // Heater flux, W/m A 2; specified by Lookup Table 

I* See HELP (Solver, Lookup Tables). The Look-up table file name "qhvst" contains 
0 4000 

900 4000 

900.5 0 

5000 0 7 


The temperature-time histories using the IHT code for the plate locations x = 0, ±L are shown in the 
graphs below. We chose to show expanded presentations of the histories at early times, just after the 
second loss of coolant event, t = 0, and around the time the heater is deactivated, t = 900 s. 



Time,t(s) 


Surface x = -L 
Center point, x = 0 
Surface x = +L 


o 



—•— Center point, x= 0 
—*— Surface x = +L 


COMMENTS: (1) The maximum temperature during the transient period is at the center point and 
occurs at the instant the heater is deactivated, T(0, 900s) = 89°C. After 300 s, note that the two surface 
temperatures are nearly the same, and never rise above the final steady-state temperature. 

(2) Both the FEHT and IHT methods of solution give identical results. Their steady-state solutions 
agree with the result of an energy balance on a time interval basis yielding T ss = 86.1°C. 





PROBLEM 5.111 


KNOWN: Plane wall of thickness 2L, initially at a uniform temperature, is suddenly subjected to 
convection heat transfer. 


FIND: The mid-plane, T(0,t), and surface, T(L,t), temperatures at t = 50, 100, 200 and 500 s, using 
the following methods: (a) the one-term series solution; determine also the Biot number; (b) the 
lumped capacitance solution; and (c) the two- and 5-node finite-difference numerical solutions. 
Prepare a table summarizing the results and comment on the relative differences of the predicted 
temperatures. 

SCHEMATIC: 


Symmetry 

adiabat 



t), T(x,0) = Tj = 250°C 
p = 7800 kg/m 3 
c = 440 J/kg-K 
k = 15 W/m-K 


Too = 25°C 
h = 500 W/m 2 -K 


Nodal network # nodes Ax 



5 L/4 

2 L 

At = 1 S 


(a) Plane wall, thickness 2L 


(b) Nodal networks 


ASSUMPTIONS: (1) One-dimensional conduction in the x-direction, and (2) Constant properties. 

ANALYSIS: (a) The results are tabulated below for the mid-plane and surface temperatures using the 
one-term approximation to the series solution, Eq. 5.40 and 5.41. The Biot number for the heat 
transfer process is 

Bi = h L/k = 500 W/m 2 Kx0.020 m/15 W/m K = 0.67 

Since Bi » 0.1, we expect an appreciable temperature difference between the mid-plane and surface 
as the tabulated results indicate (Eq. 5.10). 

(b) The results are tabulated below for the wall temperatures using the lumped capacitance method 
(LCM) of solution, Eq. 5.6. The LCM neglects the internal conduction resistance and since Bi = 0.67 
» 0.1, we expect this method to predict systematically lower temperatures (faster cooling) at the 
midplane compared to the one-term approximation. 


Solution method/Time(s) 

Mid-nlane. T(0.f) (°C) 

50 

100 

200 

500 

One-term, Eqs. 5.40, 5.41 

207.1 

160.5 

99.97 

37.70 

Lumped capacitance 

181.7 

133.9 

77.69 

30.97 

2-node FDE 

210.6 

163.5 

100.5 

37.17 

5-node FDE 

207.5 

160.9 

100.2 

37.77 

Surface. T(L.f) (°C) 

One-term, Eqs. 5.40, 5.41 

160.1 

125.4 

80.56 

34.41 

Lumped capacitance 

181.7 

133.9 

77.69 

30.97 

2-node FDE 

163.7 

125.2 

79.40 

33.77 

5-node FDE 

160.2 

125.6 

80.67 

34.45 


(c) The 2- and 5-node nodal networks representing the wall are shown in the schematic above. The 
implicit form of the finite-difference equations for the mid-plane, interior (if present) and surface 
nodes can be derived from energy balances on the nodal control volumes. The time-rate of change of 
the temperature is expressed in terms of the IHT integral intrinsic function, der{T,t). 

Continued. 




PROBLEM 5.111 (Cont.) 


Mid-plane node 

k(T2-n)/Ax = pc(Ax/2)der(Tlt) 

Interior node (5-node network) 

k (71 - T2)/ Ax + k(T3-T2)/Ax = pcAx-der (T2,t) 

Surface node (shown for 5-node network) 

k(T4-T5)/Ax + h(Tmf-T5) = pc(Ax/2)der(T5,t) 

With appropriate values for Ax, the foregoing FDEs were entered into the IHT workspace and solved 
for the temperature distributions as a function of time over the range 0 < t < 500 s using an integration 
time step of 1 s. Selected portions of the IHT codes for each of the models are shown in the 
Comments. The results of the analysis are summarized in the foregoing table. 

COMMENTS: (1) Referring to the table above, we can make the following observations about the 
relative differences and similarities of the estimated temperatures: (a) The one-term series model 
estimates are the most reliable, and can serve as the benchmark for the other model results; (b) The 
LCM model over estimates the rate of cooling, and poorly predicts temperatures since the model 
neglects the effect of internal resistance and Bi = 0.67 » 0.1; (c) The 5-node model results are in 
excellent agreement with those from the one-term series solution; we can infer that the chosen space 
and time increments are sufficiently small to provide accurate results; and (d) The 2-node model under 
estimates the rate of cooling for early times when the time-rate of change is high; but for late times, 
the agreement is improved. 

(2) See the Solver I Intrinsic Functions section of IHT\Help or the IHT Examples menu (Example 5.3) 
for guidance on using the der(T,t) function. 

(3) Selected portions of the IHT code for the 2-node network model are shown below. 

// Writing the finite-difference equations - 2-node model 

// Node 1 

k * (T2 - T1)/ deltax = rho * cp * (deltax / 2) * der(T 1 ,t) 

// Node 2 

k * (T1 - T2)/ deltax + h * (Tint - T2) = rho * cp * (deltax / 2) * der(T2,t) 

// Input parameters 

L = 0.020 
deltax = L 

rho = 7800 // density, kg/m A 3 

cp = 440 // specific heat, J/kg-K 

k = 15 // thermal conductivity, W/m.K 

h = 500 // convection coefficient, W/m A 2-K 

Tinf = 25 // fluid temperature, K 


(4) Selected portions of the IHT code for the 5 -node network model are shown below. 


// Writing the finite-difference equations - 5-node model 

// Node 1 - midplane 

k * (T2 - T1)/ deltax = rho * cp * (deltax / 2) * der(T 1 ,t) 

// Interior nodes 

k * (T1 - T2)/ deltax + k * (T3 - T2 )/ deltax = rho * cp * deltax * der(T2,t) 

k * (T2 - T3)/ deltax + k * (T4 - T3 )/ deltax = rho * cp * deltax * der(T3,t) 

k * (T3 - T4)/ deltax + k * (T5 - T4 )/ deltax = rho * cp * deltax * der(T4,t) 

// Node5 - surface 

k * (T4 - T5)/ deltax + h * (Tinf - T5) = rho * cp * (deltax / 2) * der(T5,t) 

// Input parameters 

L = 0.020 
deltax = L/4 





PROBLEM 5.112 


2 

KNOWN: Plastic film on metal strip initially at 25°C is heated by a laser (85,000 W/m for 
At on = 10 s), to cure adhesive; convection conditions for ambient air at 25°C with coefficient 
of 100 W/m 2 K. 

FIND: Temperature histories at center and film edge, T(0,t) and T(xi,t), for 0 < t < 30 s, 
using an implicit, finite-difference method with Ax = 4mm and At = 1 s; determine whether 
adhesive is cured (T c > 90°C for At c = 10s) and whether the degradation temperature of 200°C 
is exceeded. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Constant properties, (3) Uniform 
convection coefficient on upper and lower surfaces, (4) Thermal resistance and mass of plastic 
film are negligible, (5) All incident laser flux is absorbed. 

PROPERTIES: Metal strip (given): p = 7850 kg/m 3 , c p = 435 J/kg-K, k = 60 W/m-K, a = 
k/pc p = 1.757 x 10' 5 m 2 /s. 

ANALYSIS: (a) Using a space increment of Ax = 4mm, set up the nodal network shown 
below. Note that the film half-length is 22mm (rather than 20mm as in Problem 3.97) to 
simplify the finite-difference equation derivation. 



Consider the general control volume and use the conservation of energy requirement to obtain 
the finite-difference equation. 

Ein — E ou t = E st 

.pP+l _-pP 

9a + 9b + 9laser + 9conv = ^ c p ^ 


Continued 





PROBLEM 5.112 (Cont.) 


tP+i_ t p + i T p+1 _ T p+l 

k(d-l) V1 m +k(d-l)- m+ l~ A ™ 


Ax 


Ax 


+ qo(Axl) + 2h(Ax-l)|T 00 -TjP +1 j = p(Axdl)< 
=(l + 2Fo + 2Fo-Bi)TP +1 

~F° ( T m+1 + T m+1) “ 2F° ■ Bi ■ T M - Fo • Q 


.r.p+l _T,p 

1 m 1 m 


At 


( 1 ) 


where 

Fo = ^-= L757xl °~ 5m2 , ;sXls =1.098 (2) 

Ax 2 (0.004 m) 2 

h(Ax 2 /d) 100 W/m 2 K(0.004 2 /0.00125)m 

Bi = —-' =-'--— = 0.0213 (3) 

k 60 W/m ■ K 

qo (Ax 2 /d) 85,000 W/m 2 (o.004 2 /0.0015)m 

Q = —^^--— = 18.133. (4) 

k 60 W/m-K 

The results of the matrix inversion numerical method of solution (Ax = 4mm, At = Is) are 
shown below. The temperature histories for the center (m = 1) and film edge (m = 5) nodes, 

T(0,t) and T(xpt), respectively, permit determining whether the adhesive has cured (T > 90°C 
for 10 s). 



Certainly the center region, T(0,t), is fully cured and furthermore, the degradation temperature 
(200°C) has not been exceeded. From the T(xpt) distribution, note that At c = 8 sec, which is 
20% less than the 10 s interval sought. Hence, the laser exposure (now 10 s) should be 
slightly increased and quite likely, the maximum temperature will not exceed 200°C. 



PROBLEM 5.113 


KNOWN: Insulated rod of prescribed length and diameter, with one end in a fixture at 200°C, reaches a 
uniform temperature. Suddenly the insulating sleeve is removed and the rod is subjected to a convection 
process. 

FIND: (a) Time required for the mid-length of the rod to reach 100°C, (b) Temperature history T(x,t < 
ti), where t| is time at which the midlength reaches 50°C. Temperature distribution at 0, 200s, 400s and 
ti. 





ASSUMPTIONS: (1) One-dimensional transient conduction in rod, (2) Uniform h along rod and at end, 
(3) Negligible radiation exchange between rod and surroundings, (4) Constant properties. 

ANALYSIS: (a) Choosing Ax = 0.016 m, the finite-difference equations for the interior and end nodes 
are obtained. 

-pP+l _-pP 

Interior Point, m: 0a + 0b + 0c = P ' A c Ax ■ Cp ■ m — —— 

tP _tP tP _tP / x T p+l_ T p 

k ■ A c -— + kA c -“±1-- + hPAx - T£ = pA c Axc D ^ 

c Ax c Ax V °° m ) P c P At 

Regrouping, 

T£ +1 = TP (1 - 2Fo - B, Fo) + Fo (tP _, + TP + ,) + B, FoT,„ (1) 

where 

Fo = ^ (2) Bi = h T Ax 2 /(A c /P )1 /k. (3) 

Ax z L 

From Eq. (1), recognize that the stability of the numerical solution will be assured when the first term on 
the RHS is positive; that is 


Continued... 






PROBLEM 5.113 (Cont.) 


(l-2Fo-Bi-Fo)>0 or Fo<l/(2 + Bi). (4) 

Nodal Point 1: Consider Eq. (1) for the special case that T P_| = T 0 , which is independent of time. 


Hence, 


TP +1 = TjP (1 - 2Fo - Bi ■ Fo) + Fo (t o + T? j + Bi• FoT^. 

Ax TP +I -TP 

End Nodal Point 10: q a + 4b + c lc = P' A c ' c p 


(5) 


At 

k A c ^ ~ T ‘ P ° + h A c (t„ -Tf 0 ) + hP ^(t„ -Tf 0 ) = p A. Ax T,Pn ^ 


Ax 


v c c p 


10 


At 


Regrouping, T^ 1 = (l - 2Fo - 2N ■ Fo - Bi ■ Fo) + 2FoT<P + (2N ■ Fo + Bi ■ Fo) 


10 

where N = hAx/k. 


( 6 ) 

(7) 

(8) 


The stability criterion is Fo < 1/2(1 + N + Bi/2). 

With the finite-difference equations established, we can now proceed with the numerical solution. 
Having already specified Ax = 0.016 m, Bi can now be evaluated. Noting that A c = 7tD 2 /4 and P = 7tD, 
giving A c /P = D/4, Eq. (3) yields 

\2 /0.010m 


Bi = 30W/m 2 K 


(0.016m)" 


/14.8W/mK = 0.208 


(9) 


From the stability criteria, Eqs. (4) and (8), for the finite-difference equations, it is recognized that Eq. 
(8) requires the greater value of Fo. Hence 


Fo = — 

2 


( 


1 + 0.0324 + 


0.208 


= 0.440 


30W/m z ■ Kx0.016m „„„„„ 

where from Eq. (7), N =--= 0.0324 . 

14.8 W/m ■ K 

From the definition of Fo, Eq. (2), we obtain the time increment 

x2 

-6 2 


At = F °( AX ) = 0.440(0.016m) 2 /3.63xl0~° m z /s = 31.1s 


a 


( 10 ) 

( 11 ) 

( 12 ) 

(13) 


and the time relation is t = pAt = 31. It. 

Using the numerical values for Fo, Bi and N, the finite-difference equations can now be written (°C). 
Nodal Point m (2 < m < 9): 

T m +1 = T m (! - 2x 0.440 - 0.208x 0.440) + 0.440 (l* + T? +1 ) + 0.208x 0.440x 25 

TP +1 =0.029TP+0.440 (tP^+tP^ j +2.3 (14) 

Nodal Point 1: 

TP +1 =0.029TP +0.440 (200 +TPj +2.3 = 0.029TP + 0.440TP + 90.3 (15) 

Nodal Point 10: 

TP +1 =0xTP +2X0.440TP + 25(2x0.0324x0.440 + 0.208x0.440) = 0.880TP +3.0(16) 


Continued... 
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Using finite-difference equations (14-16) with Eq. (13), the calculations may be performed to obtain 


p 

t(s) 

Ti 

t 2 

t 3 

t 4 

t 5 

t 6 

t 7 

t 8 

t 9 

T 10 (°C) 

0 

0 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

1 

31.1 

184.1 

181.8 

181.8 

181.8 

181.8 

181.8 

181.8 

181.8 

181.8 

179.0 

2 

62.2 

175.6 

166.3 

165.3 

165.3 

165.3 

165.3 

165.3 

165.3 

164.0 

163.0 

3 

93.3 

168.6 

154.8 

150.7 

150.7 

150.7 

150.7 

150.7 

149.7 

149.2 

147.3 

4 

124.4 

163.3 

145.0 

138.8 

137.0 

137.0 

137.0 

136.5 

136.3 

135.0 

134.3 

5 

155.5 

158.8 

137.1 

128.1 

125.3 

124.5 

124.3 

124.2 

123.4 

123.0 

121.8 

6 

186.6 

155.2 

130.2 

119.2 

114.8 

113.4 

113.0 

112.6 

112.3 

111.5 

111.2 

7 

217.7 

152.1 

124.5 

111.3 

105.7 

103.5 

102.9 

102.4 




8 

248.8 

145.1 

119.5 

104.5 

97.6 

94.8 







Using linear interpolation between rows 7 and 8, we obtain T(L/2, 230s) = T 5 - 100°C. ^ 

(b) Using the option concerning Finite-Difference Equations for One-Dimensional Transient 
Conduction in Extended Surfaces from the IHT Toolpad, the desired temperature histories were 
computed for 0 < t < q = 930s. A Lookup Table involving data for T(x) at t = 0, 200, 400 and 930s was 
created. 


t(s)/x(mm) 

0 

16 

32 

48 

64 

80 

96 

112 

128 

144 

160 

0 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

200 

157.8 

136.7 

127.0 

122.7 

121.0 

120.2 

119.6 

118.6 

117.1 

114.7 

400 

200 

146.2 

114.9 

97.32 

87.7 

82.57 

79.8 

78.14 

76.87 

75.6 

74.13 

930 

200 

138.1 

99.23 

74.98 

59.94 

50.67 

44.99 

41.53 

39.44 

38.2 

37.55 


and the LOOKUPVAL2 interpolating function was used with the Explore and Graph feature of IHT to 
create the desired plot. 



-t= o 

—e— t = 200 s 
—A— t = 400 s 
—B— t = 930 s 


Temperatures decrease with increasing x and t, and except for early times (t < 200s) and locations in 
proximity to the fin tip, the magnitude of the temperature gradient, IdT/dxl, decreases with increasing x. 
The slight increase in IdT/dxl observed for t = 200s and x —> 160 mm is attributable to significant heat 
loss from the fin tip. 


COMMENTS: The steady-state condition may be obtained by extending the finite-difference 
calculations in time to t ~ 2650s or from Eq. 3.70. 




PROBLEM 5.114 


KNOWN: Tantalum rod initially at a uniform temperature, 300K, is suddenly subjected to a 
current flow of 80A; surroundings (vacuum enclosure) and electrodes maintained at 300K. 

FIND: (a) Estimate time required for mid-length to reach 1000K, (b) Determine the steady- 
state temperature distribution and estimate how long it will take to reach steady-state. Use a 
finite-difference method with a space increment of 10mm. 

SCHEMATIC: 


y^-9SxlO S fl-m 
£= 0.1 
D = hmm 


LI =80A 

— 7 ^= 300 /C 
T Tsur^OOK- 

2L=12,0mtn 
1 

xZ &r - t l =3ook 




plane 


ASSUMPTIONS: (1) One-dimensional, transient conduction in rod, (2) Surroundings are 
much larger than rod, (3) Properties are constant and evaluated at an average temperature. 

PROPERTIES: Table A-1, Tantalum (T = (300+1000) K/2 = 650K): p = 16,600 kg/m 3 , c 

= 147 J/kg-K, k = 58.8 W/m-K, and a = k/pc = 58.8 W/mK/16,600 kg/m 3 x 147 J/kg-K = 
2.410 x 10 5 m 2 /s. 

ANALYSIS: From the derivation of the previous problem, the finite-difference equation was 
found to be 


T m 1 = Fo ( T m-l +T m+l) + ( 1 - 2Fo ) T m - 


ePcrAx z 

kA„ 


Fo(t 4 ' p -T 4 

iU l 1 m x sur 

) + l2 ^ 2 .Fo 
' kA 2 

(1) 

V = 7l D. 


(2,3,4) 


where Fo = aAt/Ax A c =ttD /4 

From the stability criterion, let Fo = 1/2 and numerically evaluate terms of Eq. (1). 


tP+1-I/tP 4 -tP ) 0.1x5.67x10 8 W/m 2 K 4 x(0.01m) 2 4 W 4 , p 
m 2 v m_1 m+1 / 58.8 W/m -Kx(0.003m) 21 m 

(80A) 2 x95xl0 _8 f2 ■ m(0.01m) 2 1 

/ 9 \2 2 

58.8 W/m-KDr[0.003mf /4 
T S fl = 5( T m-l +T L. 1 )- 6 - 428 5xl0- 12 <’ p +103.53. 



(5) 


Note that this form applies to nodes 0 through 5. For node 0, T nv | = T m+ 1 = Tp Since Fo = 
1/2, using Eq. (2), find that 

At = Ax 2 Fo/a = (0.01m) 2 x 1/2/2.410xl0 _5 m 2 / s = 2.07s. 


Hence, t = pAt = 2.07p. 


Continued 


( 6 ) 

(7) 






PROBLEM 5.114 (Cont.) 


(a) To estimate the time required for the mid-length to reach 1000K, that is T 0 = 1000K, 

perform the forward-marching solution beginning with Tj = 300K at p = 0. The solution, as 
tabulated below, utilizes Eq. (5) for successive values of p. Elapsed time is determined by Eq. 
(7). 


p 

t(s) 

To 

Tt 

t 2 

t 3 

t 4 

t 5 

T 6 (°C) 

0 

0 

300 

300 

300 

300 

300 

300 

300 

1 


403.5 

403.5 

403.5 

403.5 

403.5 

403.5 

300 

2 


506.9 

506.9 

506.9 

506.9 

506.9 

455.1 

300 

3 


610.0 

610.0 

610.0 

610.0 

584.1 

506.7 

300 

4 


712.6 

712.6 

712.6 

699.7 

661.1 

545.2 

300 

5 

10.4 

814.5 

814.5 

808.0 

788.8 

724.7 

583.5 

300 

6 


915.2 

911.9 

902.4 

867.4 

787.9 

615.1 

300 

7 


1010.9 

1007.9 

988.9 

945.0 

842.3 

646.6 

300 

8 


1104.7 

1096.8 

1073.8 

1014.0 

896.1 

673.6 

300 

9 


1190.9 

1183.5 

1150.4 

1081.7 

943.2 

700.3 

300 

10 

20.7 

1274.1 

1261.6 

1224.9 

1141.5 

989.4 

723.6 

300 

11 


1348.2 

1336.7 

1290.6 

1199.8 

1029.9 

746.5 

300 

12 


1419.7 

1402.4 

1353.9 

1250.5 

1069.4 

766.5 

300 

13 


1479.8 

1465.5 

1408.4 

1299.8 

1103.6 

786.0 

300 

14 


1542.6 

1538.2 

1460.9 

1341.2 

1136.9 

802.9 

300 

15 

31.1 

1605.3 

1569.3 

1514.0 

1381.6 

1164.8 

819.3 

300 


Note that, at p ~ 6.9 or t = 6.9 x 2.07 = 14.3s, the mid-point temperature is T 0 ~ 1000K. < 


(b) The steady-state temperature distribution can be obtained by continuing the marching 
solution until only small changes in T m are noted. From the table above, note that at p = 15 or 
t = 31s, the temperature distribution is still changing with time. It is likely that at least 15 
more calculation sets are required to see whether steady-state is being approached. 

COMMENTS: (1) This problem should be solved with a computer rather than a hand- 
calculator. For such a situation, it would be appropriate to decrease the spatial increment in 
order to obtain better estimates of the temperature distribution. 


(2) If the rod were very long, the steady-state temperature 
distribution would be very flat at the mid-length x = 0. 
Performing an energy balance on the small control volume 
shown to the right, find 

Eg - E OU ( = 0 

,2^_ £CTpAx ( T 4_ T 4 r | = 0 



Substituting numerical values, find T 0 = 2003K. It is unlikely that the present rod would ever 
reach this steady-state, maximum temperature. That is, the effect of conduction along the rod 
will cause the center temperature to be less than this value. 





PROBLEM 5.115 


KNOWN: Support rod spanning a channel whose walls are maintained at T b = 300 K. Suddenly the rod 
is exposed to cross flow of hot gases with T mi = 600 K and h = 75 W/m“K. After the rod reaches 
steady-state conditions, the hot gas flow is terminated and the rod cools by free convection and radiation 
exchange with surroundings. 

FIND: (a) Compute and plot the midspan temperature as a function of elapsed heating time; compare the 
steady-state temperature distribution with results from an analytical model of the rod and (b) Compute 
the midspan temperature as a function of elapsed cooling time and determine the time required for the 
rod to reach the safe-to-touch temperature of 315 K. 


SCHEMATIC: 


Too = 600 K, h = 75 W/m 2 -K 




k =15 W/rrvK, a = 4x10‘ 6 m 2 /s 
ASSUMPTIONS: (1) One-dimensional, transient conduction in rod, (2) Constant properties, (3) During 
heating process, uniform convection coefficient over rod, (4) During cooling process, free convection 
coefficient is of the form h = CAT" where C = 4.4 W/nr-K 1 188 and n = 0. 188, and (5) During cooling 
process, surroundings are large with respect to the rod. 


ANALYSIS: (a) The finite-difference equations for the 10-node mesh shown above can be obtained 
using the IHT Finite-Difference Equation, One-Dimensional, Transient Extended Surfaces Tool. The 
temperature-time history for the midspan position Ti 0 is shown in the plot below. The steady-state 
temperature distribution for the rod can be determined from Eq. 3.75, Case B, Table 3.4. This case is 
treated in the IHT Extended Surfaces Model, Temperature Distribution and Heat Rate, Rectangular Pin 
Fin, for the adiabatic tip condition. The following table compares the steady-state temperature 
distributions for the numerical and analytical methods. 


Method 



Temperatures (K) vs. 

Position x (mm) 




0 

10 

20 

30 

40 

50 

Analytical 

300 

386.1 

443.4 

479.5 

499.4 

505.8 

Numerical 

300 

386.0 

443.2 

479.3 

499.2 

505.6 


The comparison is excellent indicating that the nodal mesh is sufficiently fine to obtain precise results. 



Continued... 





PROBLEM 5.115 (Cont.) 


(b) The same finite-difference approach can be used to model the cooling process. In using the IHT tool, 
the following procedure was used: (1) Set up the FDEs with the convection coefficient expressed as h m = 
hf c ,m + h„m, the sum of the free convection and linearized radiation coefficients based upon nodal 
temperature T m . 

hfc.m = C |Tm - Too j 



(2) For the initial solve, set h fcim = h, m = 5 W/m 2 K and solve, (3) Using the solved results as the Initial 
Guesses for the next solve, allow hf c m and h r m to be unknowns. The temperature-time history for the 
midspan during the cooling process is shown in the plot below. The time to reach the safe-to-touch 
temperature, T^ = 315K, is 

t = 550 s < 



Elapsed cooling time, t (s) 




PROBLEM 5.116 


KNOWN: Thin metallic foil of thickness, w, whose edges are thermally coupled to a sink at 
temperature, T sink , initially at a uniform temperature Tj = T sink , is suddenly exposed on the top surface to 
an ion beam heat flux, , and experiences radiation exchange with the vacuum enclosure walls at T sur . 

Consider also the situation when the foil is operating under steady-state conditions when suddenly the 
ion beam is deactivated. 

FIND: (a) Compute and plot the midspan temperature-time history during the heating process; 
determine the elapsed time that this point on the foil reaches a temperature within 1 K of the steady-state 
value, and (b) Compute and plot the midspan temperature-time history during the cooling process from 
steady-state operation; determine the elapsed time that this point on the foil reaches the safe-to-touch 
temperature of 315 K. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, transient conduction in the foil, (2) Constant properties, (3) 
Upper and lower surfaces of foil experience radiation exchange with the large surroundings, (4) Ion beam 
incident on upper surface only, (4) Foil is of unit width normal to the page. 


ANALYSIS: (a) The finite-difference equations for the 10-node mesh shown above can be obtained 
using the IHT Fin ite-Difference Equation , One-Dimensional, Transien t, Extended Surfaces Tool. In 
formulating the energy-balance functions, the following steps were taken: (1) the FDE function 
coefficient h must be identified for each node, e.g., hi and (2) coefficient can be represented by the 

linearized radiation coefficient, e.g., tq = ea (Tj + T sur ) ^Tf + T s ^ r j, (3) set q* =q" 0 /2 since the ion 

beam is incident on only the top surface of the foil, and (4) when solving, the initial condition 
corresponds to Tj = 300 K for each node. The temperature-time history of the midspan position is shown 
below. The time to reach within 1 K of the steady-state temperature (374.1 K) is 

T 10 (t h ) = 373K t h = 136s < 

(b) The same IHT workspace may be used to obtain the temperature-time history for the cooling process 
by taking these steps: (1) set q^ = 0, (2) specify the initial conditions as the steady-state temperature (K) 
distribution tabulated below, 

Ti To T 3 T 4 T 5 T 6 T 7 T s T 9 Tio 

374.1 374.0 373.5 372.5 370.9 368.2 363.7 356.6 345.3 327.4 

(3) when performing the integration of the independent time variable, set the start value as 200 s and (4) 
save the results for the heating process in Data Set A. The temperature-time history for the heating and 
cooling processes can be made using Data Browser results from the Working and A Data Sets. The time 
required for the midspan to reach the safe-to-touch temperature is 

T 10( t c) = 315K t c =73s < 


Continued... 




PROBLEM 5.116 (Cont.) 



Heating process 
Cooling process 


COMMENTS: The IHT workspace using the Finite-Difference Equations Tool to determine the 
temperature-time distributions is shown below. Some of the lines of code were omitted to save space on 
the page. 


// Finite Difference Equations Tool: One-Dimensional, Transient, Extended Surface 

/* Node 1: extended surface interior node; transient conditions; e and w labeled 2 and 2. 7 

rho * cp * der(T 1 ,t) = fd_1d_xsur_i(T1 ,T2,T2,k,qdot,Ac,P,deltax,Tinf, h1,q"a) 

q"a1 = q"s / 2 // Applied heat flux, W/m A 2; on the upper surface only 

hi = eps * sigma * (T1 + Tsur) * (T1 A 2 + Tsur A 2) 

sigma = 5.67e-8 // Boltzmann constant, W/m A 2.K A 4 

/* Node 2: extended surface interior node; transient conditions; e and w labeled 3 and 1. 7 
rho * cp * der(T2,t) = fd_1d_xsur_i(T2,T3,T1 ,k,qdot,Ac,P,deltax,Tinf, h2,q"a2) 
q"a2 = 0 // Applied heat flux, W/m A 2; zero flux shown 

h2 = eps * sigma * (T2+ Tsur) * (T2 A 2 + Tsur A 2) 


/* Node 10: extended surface interior node; transient conditions; e and w labeled sk and 9. 7 
rho * cp * der(T10,t) = fd_1d_xsur_i(T10,Tsk,T9,k,qdot,Ac,P,deltax,Tinf, h10,q"a) 
q"a10 = 0 // Applied heat flux, W/m A 2; zero flux shown 

hi0 = eps * sigma * (T10 + Tsur) * (T10 A 2 + Tsur A 2) 


// Assigned variables 

deltax = L1 10 

Ac = w * 1 

P = 2 * 1 

L = 0.150 

w = 0.00025 

eps = 0.45 

Tinf = Tsur 

Tsur = 300 

k = 40 

Tsk = 300 

q"s = 600 

q"s = 0 

qdot = 0 

alpha = 3e-5 

rho = 1000 

alpha = k / (rho * cp) 


// Spatial increment, m 

// Cross-sectional area, m A 2 

// Perimeter, m 

// Overall length, m 

// Foil thickness, m 

// Foil emissivity 

// Fluid temperature, K 

// Surroundings temperature, K 

// Foil thermal conductivity 

// Sink temperature, K 

// Ion beam heat flux, W/m A 2; for heating process 
// Ion beam heat flux, W/m A 2; for cooling process 
// Foil volumetric generation rate, W/m A 3 
// Thermal diffusivity, m A 2/s 
// Density, kg.m A 3; arbitrary value 
// Definition 






PROBLEM 5.117 


KNOWN: Stack or book of steel plates (sp) and circuit boards (b) subjected to a prescribed 
platen heating schedule T p (t). See Problem 5.42 for other details of the book. 

FIND: (a) Using the implicit numerical method with Ax = 2.36mm and At = 60s, find the mid-plane 
temperature T(0,t) of the book and determine whether curing will occur (> 170°C for 5 minutes), (b) 
Determine how long it will take T(0,t) to reach 37°C following reduction of the platen temperature to 
15°C (at t = 50 minutes), (c) Validate code by using a sudden change of platen temperature from 15 
to 190°C and compare with the solution of Problem 5.38. 

SCHEMATIC: 


v Platen (p)y _ 

\ Steel plate (sp) 

.—I j; ^—l 

Circuit board, s 




f» ft i 1 - 


V* c >t 

190 

160 

4 

IS I 


20 40 


60 


tfinin) 


ASSUMPTIONS: (1) One-dimensional conduction, (2) Negligible contact resistance between 
plates, boards and platens. 

PROPERTIES: Steel plates (sp, given): p sp = 8000 kg/m 3 , c p sp = 480 J/kg-K, k sp = 12 
W/m-K; Circuit boards (b, given): Pb = 1000 kg/m 3 , c p b = 1500 J/kg-K, kb = 0.30 W/m-K. 

ANALYSIS: (a) Using the suggested space increment Ax = 2.36mm, the model grid spacing 
treating the steel plates (sp) and circuit boards (b) as discrete elements, we need to derive the nodal 
equations for the interior nodes (2-11) and the node next to the platen (1). Begin by defining 
appropriate control volumes and apply the conservation of energy requirement. 

Effective thermal conductivity, k e : Consider an adjacent steel plate-board arrangement. The 
thermal resistance between the nodes i and j is 


, _ Ax _ Ax/2 Ax/2 

R j: — — —-1- 

ke ^ k sp 

2 2 

^ __ = _ 

6 l/k b+ +l/k sp 1/0.3 + 1/12 

k e =0.585 W/m-K. 


W/m-K 



Odd-numbered nodes, 3 < m <11- steel plates (sp): Treat as interior nodes using Eq. 5.89 with 


tt sp — 


0.585 W/m-K 


Psp c sp 8000 kg/nr x 480 J/kg ■ K 


T.523X10 -7 m 2 /s 


Fo 


m 


a S pAt 


1.523xl0~ 7 m 2 /sx60s 
(0.00236 m) 2 


1.641 


Continued 





PROBLEM 5.117 (Cont.) 


to obtain, with m as odd-numbered, 

(l + 2Fo m )TP +1 -Fo m (TP+' + t£‘)-t£ (1) 

Even-numbered nodes, 2 <n< 10 - circuit boards (by. Using Eq. 5.89 and evaluating 0Cb and 
F°n 


tt b = 


- k —= 3.900xl0 -7 m 2 /s 


Pb c b 


Fo n =4.201 


(1 + 2Fo n )TP +1 - Fo„ (tP+j 1 + T^j 1 ) = TP 


(2) 

Plate next to platen, n = 1 - steel plate (sp): The finite-difference equation for the plate node (n = 
1) next to the platen follows from a control volume analysis. 

Fin ~ F ou t = E st 

yp+ 1 _ rj,p 

// rr A ‘M ‘M 

9a + < lb = Psp / ^ xc sp ~ 

where 




T D (t)-T p+1 TP +1 - T. p+1 

qa= k sp p . n l — qb = F e 2 1 — 

v Ax/2 Ax 

and Tp(t) = T p (p) is the platen temperature which is changed 

with time according to the heating schedule. Regrouping find, 

2k c 




'Sf 


Tz. 


f 

l + Fo m 

r 2k sp Y) 
1+ p 

k e 

V 

f e )) 


TP+ 1 -Fo m TP +1 —XL Fo m T p (p) = TjP 

1 


(3) 


where 2k sp /ke = 2x12 W/mK/0.585 W/m-K = 41.03. 


Using the nodal Eqs. (1) -(3), an inversion method of solution was effected and the temperature 
distributions are shown on the following page. 


Temperature distributions - discussion: As expected, the temperatures of the nodes near the 
center of the book considerably lag those nearer the platen. The criterion for cure is T > 170°C = 
443 K for At c = 5 min = 300 sec. From the temperature distributions, note that node 10 just 
reaches 443 K after 50 minutes and will not be cured. It appears that the region about node 5 will 
be cured. 


(b) The time required for the book to reach 37°C = 310 K can likewise be seen from the 
temperature distribution results. The plates/boards nearest the platen will cool to the safe handling 
temperature with 1000 s = 16 min, but those near the center of the stack will require in excess of 
2000 s = 32 min. 


Continued 






PROBLEM 5.117 (Cont.) 


(c) It is important when validating computer codes to have the program work a “problem” which has 
an exact analytical solution. You should select the problem such that all features of the code are 
tested. 





PROBLEM 5.118 


KNOWN: Reaction and composite clutch plates, initially at a uniform temperature, Tj = 40°C, are 
subjected to the frictional-heat flux shown in the engagement energy curve, qf vs. t. 

FIND: (a) On T-t coordinates, sketch the temperature histories at the mid-plane of the reaction plate, 
at the interface between the clutch pair, and at the mid-plane of the composite plate; identify key 
features; (b) Perform an energy balance on the clutch pair over a time interval basis and calculate the 
steady-state temperature resulting from a clutch engagement; (c) Obtain the temperature histories 
using the finite-element approach with FEHT and the finite-difference method of solution with IHT 
(Ax = 0.1 mm and At = 1 ms). Calculate and plot the frictional heat fluxes to the reaction and 
composite plates, t\"p and q^p, respectively, as a function of time. Comment on the features of the 

temperature and frictional-heat flux histories. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction, (2) Negligible heat transfer to the surroundings. 

PROPERTIES: Steel, p s = 7800 kg/m 3 , c s = 500 J/kg-K, k s = 40 W/m-K; Friction material, p fm = 

1150 kg/m 3 , c fm = 1650 J/kg-K, and k fm = 4 W/m-K. 

ANALYSIS: (a) The temperature histories for specified locations in the system are sketched on T-t 
coordinates below. 



Initially, the temperature at all locations is uniform at Tj. Since there is negligible heat transfer to the 
surroundings, eventually the system will reach a uniform, steady-state temperature T(°°). During the 
engagement period, the interface temperature increases much more rapidly than at the mid-planes of 
the reaction (rp) and composite (cp) plates. The interface temperature should be the maximum within 
the system and could occur before lock-up, t = q u . 


Continued 












PROBLEM 5.118 (Cont.) 


(b) To determine the steady-state temperature following the engagement period, apply the 
conservation of energy requirement on the clutch pair on a time-interval basis, Eq. 1.11b. 





t ^ ^ —-^ v i 


qf(t) = 1 . 6 x 10 7 W/m 2 0 < t £ t, u 


Tj = 40°C 
T(t ^oo) = T(co) 

Clutch pair - energy balance 


The final and initial states correspond to uniform temperatures of T(°°) and Tj, respectively. The 
energy input is determined from the engagement energy curve, q'f vs. t. 

E >V -J—1 // T-l 1 T-1 

n ~ ^out + ^-gen = ^E st Ef n =Eo Ut =0 


J 0 Of (O^t - Ef Ej - p s c s (Ljp /2 + L C p /2^ + Pf m Cf m Lf m (Tf Tj) 


Substituting numerical values, with Tj = 40°C and Tf = T(°°). 

0.5 q Q tiu = Ps c s (^ip /2 + L C p /2) + pf m Cf m Lf m (T(°°)-Tj) 


0.5xl.6xl0 7 W/m 2 x0.100 s = 


7800 kg / m 3 x 500 J / kg ■ K (0.001 + 0.0005) m 


+1150 kg/nr xl650 J/kg■ Kx0.0005 m 


(T (°o)-40)°C 


T(oo) = 158°C 


< 


(c) Finite-element method of solution , FEHT. The clutch pair is comprised of the reaction plate (1 
mm), an interface region (0.1 mm), and the composite plate (cp) as shown below. 


Scale: 1 cm = 0.1 mm 




| | Interface region, 0.1 mm, qgen(t) 
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PROBLEM 5.118 (Cont.) 


The external boundaries of the system are made adiabatic. The interface region provides the means to 
represent the frictional heat flux, specified with negligible thermal resistance and capacitance. The 
generation rate is prescribed as 

q = 1.6x10^ (1-Time/O.l) W/ 0 < Time < t^ u 

n _3 

where the first coefficient is evaluated as q 0 / 0.1x10 m and the 0.1 mm parameter is the thickness 
of the region. Using the Run command, the integration is performed from 0 to 0.1 s with a time step of 
1x10 s. Then, using the Specify\Generation command, the generation rate is set to zero and the 
RunlContinue command is executed. The temperature history is shown below. 


Temperature history for clutch pair, 100 ms lock-up time 
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(c) Finite-difference method of solution, IHT. The nodal arrangement for the clutch pair is shown 
below with Ax = 0.1 mm and At = 1 ms. Nodes 02-10, 13-16 and 18-21 are interior nodes, and their 
finite-difference equations (FDE) can be called into the Workspace using Tools\Finite Difference 
Equations\One-Dimenisonal\Transient. Nodes 01 and 22 represent the mid-planes for the reaction and 
composite plates, respectively, with adiabatic boundaries. The FDE for node 17 is derived from an 
energy balance on its control volume (CV) considering different properties in each half of the CV. 

The FDE for node 11 and 12 are likewise derived using energy balances on their CVs. At the 
interface, the following conditions must be satisfied 

T ii = T i2 qf=qrp+qc P 

The frictional heat flux is represented by a Lookup Table , which along with the FDEs, are shown in 
the IHT code listed in Comment 2. 
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PROBLEM 5.118 (Cont.) 


The temperature and heat flux histories are plotted below. The steady-state temperature was found as 
156.5° C, which is in reasonable agreement with the energy balance result from part (a). 


Temperature history for clutch pair, 100 ms lock-uptime 




- Midplane, reaction plate, T01 

—•— Interface, T11 orT12 
a Midplane, composite plate, T22 


Frictional heat flux, q"f 
Reaction plate, q"rp 
composite plate, q"cp 


COMMENTS: (1) The temperature histories resulting from the FEHT and IHT based solutions are in 
agreement. The interface temperature peaks near 225°C after 75 ms, and begins dropping toward the 
steady-state condition. The mid-plane of the reaction plate peaks around 100 ms, nearly reaching 
200°C. The temperature of the mid-plane of the composite plate increases slowly toward the steady- 
state condition. 


(2) The calculated temperature-time histories for the clutch pair display similar features as expected 
from our initial sketches on T vs. t coordinates, part a. The maximum temperature for the composite is 
very high, subjecting the bonded frictional material to high thermal stresses as well as accelerating 
deterioration. For the reaction steel plate, the temperatures are moderate, but there is a significant 
gradient that could give rise to thermal stresses and hence, warping. Note that for the composite plate, 
the steel section is nearly isothermal and is less likely to experience warping. 


(2) The IHT code representing the FDE for the 22 nodes and the frictional heat flux relation is shown 
below. Note use of the Lookup Table for representing the frictional heat flux v.v. time boundary 
condition for nodes 11 and 12. 

// Nodal equations, reaction plate (steel) 

I* Node 01: surface node (w-orientation); transient conditions; e labeled 02. 7 
rhos * cps * der(T01,t) = fd_1d_sur_w(T01,T02,ks,qdot,deltax,Tinf01,h01,q"a01) 
q"a01 =0 // Applied heat flux, W/m A 2; zero flux shown 

TinfOl = 40 //Arbitrary value 

hOI = 1 e-5 // Causes boundary to behave as adiabatic 

qdot = 0 

I* Node 02: interior node; e and w labeled 03 and 01.7 
rhos*cps*der(T02,t) = fd_1d_int(T02,T03,T01 ,ks,qdot,deltax) 


/* Node 10: interior node; e and w labeled 11 and 09. 7 
rhos*cps*der(T 10,t) = fd_1 d_int(T 10,T11 ,T09,ks,qdot,deltax) 

I* Node 11: From an energy on the CV about node 11 7 

ks * (T10 - T11) / deltax + q"rp = rhos * cps * deltax / 2 * der(T 11 ,t) 


Continued (4)... 
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// Friction-surface interface conditions 

Til = T12 

q"f = LOOKUPVAL(HFVST16,1 ,t,2) // Applied heat flux, W/m A 2; specified by Lookup Table 

/* See HELP (Solver, Lookup Tables). The look-up table, file name "HFVST16' contains 
0 16e6 

0.1 0 

100 0 7 

q"rp + q"cp = q"f // Frictional heat flux 

// Nodal equations - composite plate 

// Frictional material, nodes 12-16 
/* Node 12: From an energy on the CV about node 12 7 
kfm * (T13 - T12) / deltax + q"cp = rhofm * cpfm * deltax / 2 * der(T 12,t) 

I* Node 13: interior node: e and w labeled 08 and 06. 7 
rhofm*cpfm*der(T 13,t) = fd_1 d_int(T 13,T 14,T 12,kfm,qdot,deltax) 


/* Node 16: interior node; e and w labeled 11 and 09. 7 

rhofm*cpfm*der(T 16,t) = fd_1 d_int(T 16,T 17,T 15,kfm,qdot,deltax) 

// Interface between friction material and steel, node 17 

I* Node 17: From an energy on the CV about node 17 7 

kfm * (T16 - T17) / deltax + ks * (T18 - T17) / deltax = RHS 

RHS = ((rhofm * cpfm * deltax 12) + (rhos * cps * deltax 12) ) * der(T17,t) 

// Steel, nodes 18-22 

/* Node 18: interior node; e and w labeled 03 and 01.7 
rhos*cps*der(T 18,t) = fd_1 d_int(T 18,T19,T17,ks,qdot,deltax) 


I* Node 22: interior node; e and w labeled 21 and 21. Symmetry condition. 7 
rhos*cps*der(T22,t) = fd_1d_int(T22,T21 ,T21 ,ks,qdot,deltax) 

// qdot = 0 

// Input variables 

// Ti = 40 // Initial temperature; entered during Solve 

deltax = 0.0001 

rhos = 7800 // Steel properties 

cps = 500 
ks = 40 

rhofm = 1150 //Friction material properties 

cpfm = 1650 
kfm = 4 


// Conversions, to facilitate graphing 

t_ms = t * 1000 
qf_7 = q"f /1 e7 
qrp_7 = q"rp /1 e7 
qcp_7 = q"cp /1 e7 





PROBLEM 5.119 


KNOWN: Hamburger patties of thickness 2L = 10, 20 and 30 mm, initially at a uniform temperature 
Ti = 20°C, are grilled on both sides by a convection process characterized by Too = 100°C and h = 
5000 W/m 2 K. 

FIND: (a) Determine the relationship between time-to-doneness, t t |, and patty thickness. Doneness 
criteria is 60°C at the center. Use FEHT and the IHTModelsYTransient Conduction\Plane Wall, (b) 
Using the results from part (a), estimate the time-to-doneness if the initial temperature is 5 °C rather 
than 20°C. Calculate values using the IHT model, and determine the relationship between time-to- 
doneness and initial temperature. 

SCHEMATIC: 



Too = 100°C, h = 5000 W/m 2 -K 

ASSUMPTIONS: (1) One-dimensional conduction, and (2) Constant properties are approximated as 
those of water at 300 K. 

PROPERTIES: Table A-6, Water (300K), p = 1000 kg/m 3 , c = 4179 J/kg-K, k = 0.613 W/m-K. 

ANALYSIS: (a) To determine T(0, tjj, the center point temperature at the time-to-doneness time, tj, 
a one-dimensional shape as shown in the FEHT screen below is drawn, and the material properties, 
boundary conditions, and initial temperature are specified. With the RunlCalculate command, the early 
integration steps are made very fine to accommodate the large temperature-time changes occurring 
near x = L. Use the Run \ Continue command (see FEHT HELP) for the second and subsequent steps 
of the integration. This sequence of Start-(Step)-Stop values was used: 0 (0.001) 0.1 (0.01 ) 1 (0.1) 
120(1.0) 840 s. 


Convection boundary 
Tint = 100 C, h = 3000 W/m*2.K 

x = L, 10, 20, 40 mm 


Adiabatic 

boundary 



Adiabatic boundary 


Adiabatic 

boundary 


x = 0 
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Using the View\Temperciture vs. Time command, the temperature-time histories for the x/L = 0 
(center), 0.5, and 1.0 (grill side) are plotted and shown below for the 2L = 10 mm thick patty. 


Time-to-doneness (60C) for 10-mm thick hamburger 



Time [sec] 


Using the ViewYTemperatures command, the time slider can be adjusted to read tj, when the center 
point, x = 0, reaches 60°C. See the summary table below. 

The IHT ready-to-solve model in ModelsYTransient Conduction\Plane Wall is based upon Eq. 5.40 and 
permits direct calculation of t<j when T(0,t,j) = 60°C for patty thickness 2L = 10, 20 and 30 mm and 
initial temperatures of 20 and 5°C. The IHT code is provided in Comment 3, and the results are 
tabulated below. 



Solution method 

Time-to-doneness, t (s) 

Ti(C) 



Patty thickness, 2L (mm) 




10 

20 

30 



FEHT 

66.2 

264.5 

591 

20 


IHT 

67.7 

264.5 

590.4 

20 



80.2 

312.2 

699.1 

5 


Eq. 5.40 (see 

X 

X 


5 


Comment 4) 


X 

X 

20 


Considering the IHT results for Ti = 20°C, note that when the thickness is doubled from 10 to 20 mm, 

tu is (264.5/67.7=) 3.9 times larger. When the thickness is trebled, from 10 to 30 mm, tj is 

2 

(590.4/67.7=) 8.7 times larger. We conclude that, tj is nearly proportional to L , rather than linearly 
proportional to thickness. 


Continued 




















PROBLEM 5.119 (Cont.) 


(b) The temperature span for the cooking process ranges from = 100 to Tj = 20 or 5°C. The 
differences are (100-20 =) 80 or (100-5 —) 95°C. If t d is proportional to the overall temperature span, 
then we expect t d for the cases with Tj = 5°C to be a factor of (95/80 =) 1.19 higher (approximately 
20% ) than with Tj = 20°C. From the tabulated results above, for the thickness 2L = 10, 20 and 30 
mm, the t d with Tj = 5°C are (80.2/67.7 =) 1.18, (312 / 264.5 =) 1.18, and (699.1/590.4 =) 1.18, 
respectively, higher than with Tj = 20°C. We conclude that t d is nearly proportional to the temperature 
span (Too - Tj). 


COMMENTS: (1) The results from the FEHT and IHT calculations are in excellent agreement. For 
this analysis, the FEHT model is more convenient to use as it provides direct calculations of the time- 
to-doneness. The FEHT tool allows the user to watch the cooking process. Use the 
View | Temperature Contours command, click on the from start-to-stop button, and observe how color 
band changes represent the temperature distribution as a function of time. 


(2) It is good practice to check software tool analyses against hand calculations. Besides providing 
experience with the basic equations, you can check whether the tool was used or functioned properly. 
Using the one-term series solution, Eq. 5.40: 


n * T(0,t d )-T c 
t_T 

A 1 A oo 

Fo = at d / L“ 


= Cj exp|-f“Foj 

Cj.C =(Bi), Table 5.1 


Tj (°C) 2L (mm) Q * Bi C] Cl Fo t d (s) 

20 10 0.5000 24.47 1.2707 1.5068 0.4108 70(7 

5 30 0.4211 73.41 1.2729 1.5471 0.4622 709 


The results are slightly higher than those from the IHT model, which is based upon a multiple- rather 
than single-term series solution. 

(3) The IHT code used to obtain the tabulated results is shown below. Note that T_xt_trans is an 
intrinsic heat transfer function dropped into the Workspace from the Models window (see IHT 
Help\Solver\Intrinsic FunctionslHeat Transfer Functions). 

It Models | Transient Conduction | Plane Wall 

/* Model : Plane wall of thickness 2L, initially with a uniform temperature T(x,0) = Ti, suddenly subjected 
to convection conditions (Tinf.h). */ 

// The temperature distribution is 

T_xt = T_xt_trans("Plane Wall",xstar,Fo,Bi,Ti,Tint) // Eq 5.39 

// The dimensionless parameters are 
xstar = x / L 

Bi = h*L/k // Eq 5.9 

Fo= alpha * t / L A 2 // Eq 5.33 

alpha = k/ (rho * cp) 


// Input parameters 

x = 0 // Center point of meat 

L = 0.005 // Meat half-thickness, m 

//L = 0.010 
//L = 0.015 

T_xt = 60 // Doneness temperature requirement at center, x = 0; C 

Ti = 20 // Initial uniform temperature 

//Ti = 5 

rho = 1000 // Water properties at 300 K 

cp = 4179 
k = 0.613 
h = 5000 
Tinf = 100 


// Convection boundary conditions 



PROBLEM 5.120 


KNOWN: A process mixture at 200°C flows at a rate of 207 kg/min onto a 1-m wide conveyor belt 
traveling with a velocity of 36 m/min. The underside of the belt is cooled by a water spray. 

FIND: The surface temperature of the mixture at the end of the conveyor belt, T e s , using (a) IHT for 
writing and solving the FDEs, and (b) FEHT. Validate your numerical codes against an appropriate 
analytical method of solution. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional conduction in the x-direction at any z-location, (2) 

Negligible heat transfer from mixture upper surface to ambient air, and (3) Constant properties. 

PROPERTIES: Process mixture (m), p m = 960 kg/m 3 , c m = 1700 J/kg-K, and k m = 1.5 W/m-K; 
Conveyor belt (b), pb = 8000 kg/ m 3 , % = 460 J/kg-K, and k^, = 15 W/m-K. 

ANALYSIS: From the conservation of mass requirement, the thickness of the mixture on the 
conveyor belt can be determined. 

m = p m A c V where A c = W L m 

T. 

207 kg/minx 1 min/60s = 960 kg/m xlmxL m x36m/minx 1 min/60s 
L m = 0.0060 m = 6 mm 

The time that the mixture is in contact with the steel conveyor belt, referred to as the residence time, is 

t res = L c / V = 30 m/(36 m/minxl min/60 s) = 50 s 

The composite system comprised of the belt, Lb = 3 mm, and mixture, L m = 6 mm, as represented in 
the schematic above, is initially at a uniform temperature T(x,0) = Tj = 200°C while at location z = 0, 
and suddenly is exposed to convection cooling (Too, h). We will calculate the mixture upper surface 
temperature after 50 s, T(0, t res ) = T e s . 

(a) The nodal arrangement for the composite system is shown in the schematic below. The IHT model 
builder TooIs\Finite-Difference Equations I Transient can be used to obtain the FDEs for nodes 01-12 
and 14-19. 


Continued 




PROBLEM 5.120 (Cont.) 
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For the mixture-belt interface node 13, the FDE for the implicit method is derived from an energy 
balance on the control volume about the node as shown above. 

T-1 -W—■I ~¥~1 

^in “ ^out = ^st 

// // // ^ // 

Qa + % _ *%,m + ^st.b 


r p+l _ T p+l 


12 


"m 


Ax 


T p+1 _ T p+l 

——l-k b — ^ - il3- 

Ax 


(P 


m c m 


+ Pb c b)(Ax/2) 


mP+l _mP 
U3 *13 

At 


IHT code representing selected FDEs, nodes 01, 02, 13 and 19, is shown in Comment 4 below (Ax = 
0.5 mm. At = 0.1 s). Note how the FDE for node 13 derived above is written in the Workspace. From 
the analysis, find 


T e>s - T(0, 50s) = 54.8°C < 

(b) Using FEHT , the composite system is drawn and the material properties, boundary conditions, and 
initial temperature are specified. The screen representing the system is shown below in Comment 5 
with annotations on key features. From the analysis, find 

T e , s = T(0, 50s) = 54.7°C < 

COMMENTS: (1) Both numerical methods, IHT and FEHT , yielded the same result, 55°C. For the 
safety of plant personnel working in the area of the conveyor exit, the mixture exit temperature should 
be lower, like 43°C. 

(2) By giving both regions of the composite the same properties, the analytical solution for the plane 
wall with convection, Section 5.5, Eq. 5.40, can be used to validate the IHT and FEHT codes. Using 
the IHT Models I Transient Conduction\Plane Wall for a 9-mm thickness wall with mixture 
thermophysical properties, we calculated the temperatures after 50 s for three locations: T(0, 50s) = 
91.4°C; T(6 mm, 50s) = 63.6°C; and T(3 mm, 50s) = 91,4°C. The results from the IHT and FEHT 
codes agreed exactly. 

(3) In view of the high heat removal rate on the belt lower surface, it is reasonable to assume that 
negligible heat loss is occurring by convection on the top surface of the mixture. 


Continued 






PROBLEM 5.120 (Cont.) 


(4) The IHT code representing selected FDEs, nodes 01, 02, 13 and 19, is shown below. The FDE for 
node 13 was derived from an energy balance, while the others are written from the Tools pad. 

//Finite difference equations from Tools, Nodes 01 -12 (mixture) and 14-19 (belt) 

/* Node 01: surface node (w-orientation); transient conditions; e labeled 02. 7 
rhom * cm *der(T01,t) =fd_1d_sur_w(T01,T02,km,qdot,deltax,Tinf01,h01,q"a01) 
q"a01 =0 // Applied heat flux, W/m A 2; zero flux shown 

qdot = 0 

TinfOl = 20 // Arbitrary value 

hOI = 1 e-6 // Causes boundary to behave as adiabatic 

f Node 02: interior node; e and w labeled 03 and 01. 7 
rhom*cm*der(T02,t) = fd_1d_int(T02,T03,T01 ,km,qdot,deltax) 

f Node 19: surface node (e-orientation); transient conditions; w labeled 18. 7 
rhob * cb * der(T19,t) = fd_1d_sur_e(T19,T18,kb,qdot,deltax,Tinf19,h19,q"a19) 
q"a19 = 0 // Applied heat flux, W/m A 2; zero flux shown 

Tint 19 = 30 
hi 9 = 3000 

// Finite-difference equation from energy balance on CV, Node 13 

km*(T 12 - T13)/deltax + kb*(T 14 - T13)/deltax = (rhom'cm + rhob'cb) *(deltax/2)*der(T 13,t) 

(5) The screen from the FEHT analysis is shown below. It is important to use small time steps in the 
integration at early times. Use the View\Temperatures command to find the temperature of the 
mixture surface at t res = 50 s. 


Adiabatic boundary 
6 mm 



Adiabatic boundary 



PROBLEM 5.121 


KNOWN: Thin, circular-disc subjected to induction heating causing a uniform heat 
generation in a prescribed region; upper surface exposed to convection process. 

FIND: (a) Transient finite-difference equation for a node in the region subjected to induction 
heating, (b) Sketch the steady-state temperature distribution on T-r coordinates; identify 
important features. 

SCHEMATIC: 



ASSUMPTIONS: (1) Thickness w « r 0 , such that conduction is one-dimensional in r- 
direction, (2) In prescribed region, q is uniform, (3) Bottom surface of disc is insulated, (4) 
Constant properties. 


ANALYSIS: (a) Consider the nodal point arrangement 
for the region subjected to induction heating. The size of 
the control volume is V = 2k r m ■ Ar ■ w. The energy 
conservation requirement for the node m has the form 

^in - E ou t + Eg = E st 
with q a + q b + q conv + qV = E st . 



////////////-- ////////// 
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Ar 


2k 


r m ~ 


w 


tP 

V-i 


tT 

A m 


Ar 


+ k 



f Arl 


2k 

1 

3* 

+ 

ro 

i_ 

w 


tP 

V+i 


_ tT 

A m 


Ar 


+h[2 K r m Ar]^ -T^ j + q \2k r m • Ar • w] = p c p \2k r m • Ar • w] 


T p+t _ T p 
At 


Upon regrouping, the finite-difference equation has the form, 
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l-2Fo-Bi-Fo 


Ar 

w 
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where Fo = aAt/Ar Bi = hAr/k. 

(b) The steady-state temperature distribution has 
these features: 

1. Zero gradient at r = 0, rq 

2. No discontinuity at rp r 2 

3. T max occurs in region i'| < r < r 2 
Note also, distribution will not be linear anywhere; 

distribution is not parabolic in rj < r < r 2 region. 








PROBLEM 5.122 


KNOWN: An electrical cable experiencing uniform volumetric generation; the lower half is well 
insulated while the upper half experiences convection. 

FIND: (a) Explicit, finite-difference equations for an interior node (m,n), the center node (0,0), and 
an outer surface node (M,n) for the convective and insulated boundaries, and (b) Stability criterion for 
each FDE; identify the most restrictive criterion. 

SCHEMATIC: 



ASSUMPTIONS: (1) Two-dimensional (r,(f>), transient conduction, (2) Constant properties, (3) 
Uniform q. 

ANALYSIS: The explicit, finite-difference equations may be obtained by applying energy balances 
to appropriate control volumes about the node of interest. Note the coordinate system defined above 
where (r,(f>) —> (mAr, nA(])). The stability criterion is determined from the coefficient associated with 
the node of interest. 


Interior Node (m,n). The control volume 
for an interior node is 
V = r m A (j) -Ar-£ 

(with r m = mAr, £ = \) where £ is the 
length normal to the page. The 
conservation of energy requirement is 

F in - F out + Eg = E st 
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Define the Fourier number as 

^ k At aAt 
Fo = 


P c Ar 2 Ar 2 
and then regroup the terms of Eq. (1) to obtain the FDE, 
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PROBLEM 5.122 (Cont.) 

The stability criterion requires that the last term on the right-hand side in braces be positive. That is, 
the coefficient of T,^ n must be positive and the stability criterion is 


Fo < 1/2 


l + l/(mA0)“ 


(4) 


Note that, for m » 1/2 and (mA(|)) »1, the FDE takes the form of a 1-D cartesian system. 
Center Node (0,0). For the control volume, 

2 

V =71 (Ar/2) -1. The energy balance is 


Ejn E out + Eg — E st where E in — Eq n . 
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where N = (2 tc/A(|)) - 1, the total number of q n . Using the definition of Fo, find 
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By inspection, the stability criterion is Fo < 1/4. 
Surface Nodes (M,n). The control volume 
for the surface node is V = (M - 14)ArA(f)-Ar/2.1. 
From the energy balance, 

Ein - E'out + Eg = (q'l + q 2 ) r + (43 + 44 )p + 4 V = K 
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Regrouping and using the definitions for Fo = aAt/AU and Bi = hAr/k, 
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The stability criterion is 
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To determine which stability criterion is most restrictive, compare Eqs. (4), (7) and (9). The most 
restrictive (lowest Fo) has the largest denominator. For small values of m, it is not evident whether 
Eq. (7) is more restrictive than Eq. (4); Eq. (4) depends upon magnitude of Acf). Likewise, it is not 
clear whether Eq. (9) will be more or less restrictive than Eq. (7). Numerical values must be 
substituted. 



PROBLEM 5.123 


KNOWN: Initial temperature distribution in two bars that are to be soldered together; interface 
contact resistance. 


FIND: (a) Explicit FDE for T 4 2 in terms of Fo and Bi = Ax/k R[ c ; stability criterion, (b) T 4 2 

one time step after contact is made if Fo = 0.01 and value of At; whether the stability criterion is 
satisfied. 


SCHEMATIC: 
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PROPERTIES: Table A-l, Steel, AIS1 1010 (1000K): k = 31.3 W/m-K, c = 1168 J/kg-K, p = 7832 
kh/m 3 


ASSUMPTIONS: (1) Two-dimensional transient conduction, (2) Constant properties, (3) Interfacial 
solder layer has negligible thickness. 


ANALYSIS: (a) From an energy balance on 
the control volume V = (Ax/2)-Ay-1. 

^in — E out + Eg = E st 

HpP+l _ rpP 
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Note that q a = (AT/R[ C ) A c while the remaining q j are conduction terms, 
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2 

Defining Fo = (k Ip c) At/Ax“ and Bi c = Ay/R^ c k, regroup to obtain 

TfV =Fo(t| 3 +2T 5 p 0 +Tj ’ 1 + 2BiT 3 P 0 ) + (l-4Fo-2FoBi)Tj , 2 . < 

The stability criterion requires the coefficient of the T p 0 term be zero or positive, 

(l -4Fo-2FoBi) > 0 or Fo<l/(4 + 2Bi) < 

(b) For Fo = 0.01 and Bi = 0.020m/(2xl0" 5 m 2 • K/Wx31.3W/m- k) = 31.95, 


T^ 1 = 0.01 (1000 +2x900 +1000+2x31.95x700)K + (l-4x0.01-2x0.01x31.95)l000K 

T 4 o 1 = 485.30K + 321.00K = 806.3K. < 

With Fo = 0.01, the time step is 

At = Fo Ax 2 (p c/k) = 0.01 (0.020m ) 2 (7832kg/m 3 x 1168J/kg • K/31,3W/m • k) = 1.17s. < 


With Bi = 31.95 and Fo = 0.01, the stability criterion, Fo < 0.015, is satisfied. 


< 





PROBLEM 5.124 


KNOWN: Stainless steel cylinder of Ex. 5.7, 80-mm diameter by 60-mm length, initially at 600 K, 

2 

suddenly quenched in an oil bath at 300 K with h = 500 W/m K. Use the ready-to-solve model in the 
Examples menu of FEHT to obtain the following solutions. 

FIND: (a) Calculate the temperatures T(r, x ,t) after 3 min: at the cylinder center, T(0, 0, 3 mm), at 
the center of a circular face, T(0, L, 3 min), and at the midheight of the side, T(r 0 , 0, 3 min); compare 
your results with those in the example; (b) Calculate and plot temperature histories at the cylinder 
center, T(0, 0, t), the mid-height of the side, T(r 0 , 0, t), for 0 < t < 10 min; use the View/Temperature 
vs. Time command; comment on the gradients and what effect they might have on phase 
transformations and thermal stresses; (c) Using the results for the total integration time of 10 min, use 
the View/Temperature Contours command; describe the major features of the cooling process shown 
in this display; create and display a 10-isotherm temperature distribution for t = 3 min; and (d) For the 

locations of part (a), calculate the temperatures after 3 min if the convection coefficient is doubled (h = 

2 

1000 W/m K); for these two conditions, determine how long the cylinder needs to remain in the oil 
bath to achieve a safe-to touch surface temperature of 316 K. Tabulate and comment on the results of 
your analysis. 

SCHEMATIC: 





ASSUMPTIONS: (1) Two-dimensional conduction in r- and x-coordinates, (2) Constant properties. 

PROPERTIES: Stainless steel (. Example 5.7): p = 7900 kg/m 3 , c = 256 J/kg-K, k = 17.4 W/m-K. 

ANALYSIS: (a) The FEHT ready-to-solve model for Example 5.7 is accessed through the Examples 
menu and the annotated Input page is shown below. The following steps were used to obtain the 
solution: (1) Use the Draw I Reduce Mesh command three times to create the 512-element mesh; (2) 
In Run, click on Check, (3) In Run, press Calculate and hit OK to initiate the solver; and (4) Go to the 
View menu, select Tabular Output and read the nodal temperatures 4, 1, and 3 at t = t 0 = 180 s. The 
tabulated results below include those from the n-term series solution used in the IHT software. 


Continued 




PROBLEM 5.124 (Cont.) 


(r, x, t 0 ) 
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Note that the one-term series solution results of Example 5.7 are systematically lower than those from 
the 512-element, finite-difference FEHT analyses. The FEHT results are in excellent agreement with 
the IHT n-term series solutions for the x = 0 plane nodes (4,3), except for the x = L plane node (1). 



Pre-processing: Setting up and running the model 


1. From Setup menu. 

Scale and Size: 1 cm — 5mm, 5x5 mm grid 
Cylindrical 

Temperatures in K 

2. Create mesh: draw quadrilaterals 20mm x 15 mm; add 

diagonals to Form triangular elements; use Draw/Reduce 
Mesh command 

3. Outline represents symmetric half of cylinder; nodal 

temperatures identified in Text labeled as T(r,x,t) 

4. Run transient from 0 to 180 s in steps of 0.5 s 


Post-processing: Viewing the calculations 

1. From View, choose Temperature vs. time for nodes 

1-4 for nodal temperature-time plot 

2. From View, choose Temperature Contours, from "start to stop," 

for 2-D view of temperature distribution with time; use auto scale 

3. From View, choose Temperature or Tabular Output, and set 

t= -180 s for T(x,r,1©Os) values 

Results of Analysis 

1. Nodal temperatures (K) att= 180 s with 512 elements: 

Node 12 3 4 

(r,x,t) (O.L.t) (ro.L.t) (ro.O.t) (0,0,t) 

T (r.x.t) 388.7 342.8 362.5 402.7 


(b) Using the View Temperature vs. Time command, the temperature histories for nodes 4, 1, and 3 are 
plotted in the graph shown below. There is very small temperature difference between the locations 
on the surface, (node 1; 0, L) and (node 3; r G , 0). But, the temperature difference between these 
surface locations and the cylinder center (node 4; 0, 0) is large at early times. Such differences 
wherein locations cool at considerably different rates could cause variations in microstructure and 
hence, mechanical properties, as well as induce thermal stresses. 


Temperature-time histories, h - 500 W/m A 2.K, Ti - 600 K, Tinf- 300 K 
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(c) Use the View\Temperature Contours command with the shaded band option for the isotherm 
contours. Selecting the From Start to Stop time option, see the display of the contours as the cylinder 
cools during the quench process. The “movie” shows that cooling initiates at the corner (r 0 ,L,t) and 
the isotherms quickly become circular and travel toward the center (0,0,t). The 10-isotherm 
distribution for t = 3 min is shown below. 


10 isothermal contours: minimum 348.8 K, maximum 402.7 K 



2 

(d) Using the FEHT model with convection coefficients of 500 and 1000 W/m K, the temperatures at 
t = t 0 = 180 s for the three locations of part (a) are tabulated below. 

h = 500 W/m 2 K h = 1000 W/m 2 K 


T(0, 0, t 0 ), K 

402.7 

352.8 

T(0, L, t 0 ), K 

368.7 

325.8 

T(r 0 , 0, t 0 ), K 

362.5 

322.1 


Note that the effect of doubling the convection coefficient is to reduce the temperature at these 
locations by about 40°C. The time the cylinder needs to remain in the oil bath to achieve the safe-to- 
touch surface temperature of 316 K can be determined by examining the temperature history of the 
location (nodel; 0, L). For the two convection conditions, the results are tabulated below. Doubling 
the coefficient reduces the cooling process time by 40 %. 

T(0, L, t„) h (W/nT-K) to (s) 


316 

316 


500 

1000 


370 

219 




PROBLEM 5.125 

KNOWN: Flue of square cross-section, initially at a uniform temperature is suddenly exposed to hot 
flue gases. See Problem 4.57. 

FIND: Temperature distribution in the wall 5, 10, 50 and 100 hours after introduction of gases using 
the implicit finite-difference method. 

SCHEMATIC: 
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ASSUMPTIONS: (1) Two-dimensional transient conduction, (2) Constant properties. 
PROPERTIES: Flue (given): k = 0.85 W/m-K, a = 5.5 x 10~ 7 mV 


ANALYSIS: The network representing the flue cross-sectional area is shown with Ax = Ay = 50mm. 
Initially all nodes are at Tj = 25°C when suddenly the interior and exterior surfaces are exposed to 

convection processes, (T^j. hj) and (Too 0 , h 0 j, respectively Referring to the network above, note that 
there are four types of nodes: interior (02, 03, 06, 07, 10, 11, 14, 15, 17, 18, 20); plane surfaces with 
convection (interior - 01, 05, 09); interior corner with convection (13), plane surfaces with convection 
(exterior - 04, 08, 12, 16, 19, 21); and, exterior corner with convection. The system of finite- 
difference equations representing the network is obtained using IHT\Tools\Finite-diJference 
equations\Two-dimensional\Transient. The IHT code is shown in Comment 2 and the results for t = 5, 
10, 50 and 100 hour are tabulated below. 


Node 17 
Node 13 
Node 12 


(l + 4Fo)TP +1 -Fo(tP +1 +T P +1 +TP +1 +TP +1 ) = TP 



1 

1 + 4Fo 

1 + — Bi: 


3 J. 


r P+l 


■( 


T 13 - - Fo I 2T,*7 + T q + 2T, 


P+1 


14 


P+1 +T P+1 |_ T P 


14 


= T i3 + — Bi i ToT^ 


(l + 2Fo(2 + Bi 0 ))T 1 ^ 1 -Fo(2TP +1 aT^ 1 +T| +1 ) = Tf 2 + 2Bi 0 Fo T„ >0 
(l+4Fo(l + Bi 0 ))T|+ 1 - 2Fo (liy 1 -T;Y') = TP 2 + 4Bi 0 • Fo ■ T : .,„ 


Node 22 

Numerical values for the relevant parameters are: 

„ aAt 5.5xl0 _6 m 2 /sx3600s 

Fo = —— =---= 7.92000 


Ax" 


(0.050m)" 


_ hpAx __ 5 W/m ■ Kx0.050m =0 2 q 412 
° k 0.85 W/m-K 

B hjAx = i00WAT-.Kx0.050m _ ^ 
k 0.85 W/m-K 

The system of FDEs can be represented in matrix notation, [A][T] = [C]. The coefficient matrix [A] 
and terms for the right-hand side matrix [C] are given on the following page. 


Continued 







PROBLEM 5.125 (Cont.) 


The coefficient matrix [A] RHS matrix [C] 



I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 


1 

E 

2 

0 

0 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-0.12626T?-7331.1765 

2 

1 

F 

1 

0 

0 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-0.12626T5 

3 

0 

1 

F 

1 

0 

0 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-0.12626T? 

4 

0 

0 

2 

G 

0 

0 

0 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-0.12626TI - 175.38235 

5 

1 

0 

0 

0 

E 

2 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-0.12626T§ -7331.1765 

6 

0 

1 

0 

0 

1 

F 

1 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-0.12626TI 

7 

0 

0 

1 

0 

0 

1 

F 

1 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-0.12626T? 

8 

0 

0 

0 

1 

0 

0 

2 

G 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-0.12626TI - 175.37235 

9 

0 

0 

0 

0 

1 

0 

0 

0 

E 

2 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-0.12626TP-7331.1765 

10 

0 

0 

0 

0 

0 

1 

0 

0 

1 

F 

1 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

-0.12626Tfo 

11 

0 

0 

0 

0 

0 

0 

1 

0 

0 

1 

F 

1 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

-0.12626Tfi 

12 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

2 

G 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

-0.12626Tf 2 -175.38235 

13 

0 

0 

0 

0 

0 

0 

0 

0 

4 

0 

0 

0 

H 

8 

0 

0 

0 

0 

0 

0 

0 

0 

-0.37879T? 3 - 14,658.824 

14 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

1 

F 

1 

0 

1 

0 

0 

0 

0 

0 

-0.12626T? 4 

15 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

1 

F 

1 

0 

1 

0 

0 

0 

0 

-0.12626TJs 

16 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

2 

G 

0 

0 

1 

0 

0 

0 

-0.12626T? 6 - 175:38235 

17 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

0 

0 

F 

2 

0 

0 

0 

0 

-0.12626Tft 

18 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

1 

F 

1 

1 

0 

0 

-0.12626T?g 

19 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

2 

G 

0 

1 

0 

-0.12626T?, - 175.38235 

20 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2 

0 

F 

2 

0 

-0.12626T5o 

21 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

2 

G 

1 

-0.12626T& - 175.38235 

22 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

4 

K 

-0.12626T52 -350.76471 


E = 

-15.89096 

F ° 

- -4.12626 

G 

= -4.71450 

H 

= -35.90819 

K 

= -. 

5.30274 





For this problem a stock computer program was used to obtain the solution matrix [T]. The 
initial temperature distribution was = 298K. The results are tabulated below. 


Node/time 

(h) 



T(m,n) (C) 



0 

5 

10 

50 

100 

T01 

25 

335.00 

338.90 

340.20 

340.20 

T02 

25 

248.00 

274.30 

282.90 

282.90 

T03 

25 

179.50 

217.40 

229.80 

229.80 

T04 

25 

135.80 

170.30 

181.60 

181.60 

T05 

25 

334.50 

338.50 

339.90 

339.90 

T06 

25 

245.30 

271.90 

280.80 

280.80 

T07 

25 

176.50 

214.60 

227.30 

227.30 

T08 

25 

133.40 

168.00 

179.50 

179.50 

T09 

25 

332.20 

336.60 

338.20 

338.20 

T10 

25 

235.40 

263.40 

273.20 

273.20 

Til 

25 

166.40 

205.40 

219.00 

219.00 

T12 

25 

125.40 

160.40 

172.70 

172.70 

T13 

25 

316.40 

324.30 

327.30 

327.30 

T14 

25 

211.00 

243.00 

254.90 

254.90 

T15 

25 

146.90 

187.60 

202.90 

202.90 

T16 

25 

110.90 

146.70 

160.20 

160.20 

T17 

25 

159.80 

200.50 

216.20 

216.20 

T18 

25 

117.40 

160.50 

177.50 

177.50 

T19 

25 

90.97 

127.40 

141.80 

141.80 

T20 

25 

90.62 

132.20 

149.00 

149.00 

T21 

25 

72.43 

106.70 

120.60 

120.60 

T22 

25 

59.47 

87.37 

98.89 

98.89 


COMMENTS: (1) Note that the steady-state condition is reached by t = 5 hours; this can be seen by 
comparing the distributions for t = 50 and 100 hours. Within 10 hours, the flue is within a few 
degrees of the steady-state condition. 

Continued. 




PROBLEM 5.125 (Cont.) 

(2) The IHT code for performing the numerical solution is shown in its entirety below. Use has been 
made of symmetry in writing the FDEs. The tabulated results above were obtained by copying from 
the IHT Browser and pasting the desired columns into EXCEL. 

// From ToolslFinite-difference equations/Two-dimensional/Transient 
II Interior surface nodes, 01, 05, 09,13 

/* Node 01: plane surface node, s-orientation; e, w, n labeled 05, 05, 02 . *1 

rho * cp * der(T01,t) = fd_2d_psur_s(T01,T05,T05,T02,k,qdot,deltax,deltay,Tinfi,hi,q"a) 

q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 

qdot = 0 

rho * cp * der(T05,t) = fd_2d_psur_s(T05,T09,T01,T06,k,qdot,deltax,deltay,Tinfi,hi,q"a) 
rho * cp * der(T09,t) = fd_2d_psur_s(T09,T13,T05,T10,k,qdot,deltax,deltay,Tinfi,hi,q"a) 

/* Node 13: internal corner node, w-s orientation; e, w, n, s labeled 14, 09, 14, 09. 7 
rho * cp * der(T13,t) = fd_2d_ic_ws(T13,T14,T09,T14,T09,k,qdot,deltax,deltay,Tinfi,hi,q"a) 

// Interior nodes, 02, 03, 06, 07,10,11,14,15,18, 20 

/* Node 02: interior node; e, w, n, s labeled 06, 06, 03, 01.7 
rho * cp * der(T02,t) = fd_2dJnt(T02,T06,T06,T03,T01 ,k,qdot,deltax,deltay) 
rho * cp * der(T03,t) = fd_2dJnt(T03,T07,T07,T04,T02,k,qdot,deltax,deltay) 
rho * cp * der(T06,t) = fd_2dJnt(T06,T10,T02,T07,T05,k,qdot,deltax,deltay) 
rho * cp * der(T07,t) = fd_2d_int(T07,T11 ,T03,T08,T06,k,qdot,deltax,deltay) 
rho * cp * der(T10,t) = fd_2d_int(T10,T14,T06,T11 ,T09,k,qdot,deltax,deltay) 
rho * cp * der(T 11 ,t) = fd_2d_int(T11 ,T15,T07,T12,T10,k,qdot,deltax,deltay) 
rho * cp * der(T14,t) = fd_2dJnt(T14,T17,T10,T15,T13,k,qdot,deltax,deltay) 
rho * cp * der(T15,t) = fd_2d_int(T15,T18,T11 ,T16,T14,k,qdot,deltax,deltay) 
rho * cp * der(T17,t) = fd_2d_int(T17,T18,T14,T18,T14,k,qdot,deltax,deltay) 
rho * cp * der(T18,t) = fd_2dJnt(T18,T20,T15,T19,T17,k,qdot,deltax,deltay) 
rho * cp * der(T20,t) = fd_2d_int(T20,T21,T18,T21,T18,k,qdot,deltax,deltay) 

// Exterior surface nodes, 04, 08,12,16,19, 21, 22 

/* Node 04: plane surface node, n-orientation; e, w, s labeled 08, 08, 03. 7 
rho * cp * der(T04,t) = fd_2d_psur_n(T04,T08,T08,T03,k,qdot,deltax,deltay,Tinfo,ho,q"a) 
rho * cp * der(T08,t) = fd_2d_psur_n(T08,T12,T04,T07,k,qdot,deltax,deltay,Tinfo,ho,q"a) 
rho * cp * der(T12,t) = fd_2d_psur_n(T12,T16,T08,T11 ,k,qdot,deltax,deltay,Tinfo,ho,q"a) 
rho * cp * der(T16,t) = fd_2d_psur_n(T16,T19,T12,T15,k,qdot,deltax,deltay,Tinfo,ho,q"a) 
rho * cp * der(T 19,t) = fd_2d_psur_n(T19,T21,T16,T18,k,qdot,deltax,deltay,Tinfo,ho,q"a) 
rho * cp * der(T21,t) = fd_2d_psur_n(T21,T22,T19,T20,k,qdot,deltax,deltay,Tinfo,ho,q"a) 

/* Node 22: external corner node, e-n orientation; w, s labeled 21,21.7 

rho * cp * der(T22,t) = fd_2d_ec_en(T22,T21 ,T21 ,k,qdot,deltax,deltay,Tinfo,ho,q"a) 

// Input variables 

deltax = 0.050 
deltay = 0.050 
Tinfi = 350 
hi = 100 
Tinfo = 25 
ho = 5 
k = 0.85 
alpha = 5.55e-7 
alpha = k / (rho * cp) 

rho = 1000 // arbitrary value 

(3) The results for t = 50 hour, representing the steady-state condition, are shown below, arranged 
according to the coordinate system. 

Tmn (C) 


x/y (mm) 

0 

50 

100 

150 

200 

250 

300 

0 

181.60 

179.50 

172.70 

160.20 

141.80 

120.60 

98.89 

50 

229.80 

227.30 

219.00 

202.90 

177.50 

149.00 


100 

282.90 

280.80 

273.20 

172.70 

216.20 



150 

340.20 

339.90 

338.20 

327.30 





In Problem 4.57, the temperature distribution was determined using the FDEs written for steady-state 
conditions, but with a finer network, Ax = Ay = 25 mm. By comparison, the results for the coarser 
network are slightly higher, within a fraction of 1°C, along the mid-section of the flue, but notably 
higher in the vicinity of inner corner. (For example, node 13 is 2.6°C higher with the coarser mesh.) 



PROBLEM 5.126 


KNOWN: Electrical heating elements embedded in a ceramic plate as described in Problem 
4.75; initially plate is at a uniform temperature and suddenly heaters are energized. 

FIND: Time required for the difference between the surface and initial temperatures to reach 
95% of the difference for steady-state conditions using the implicit, finite-difference method. 

SCHEMATIC: 



ASSUMPTIONS: (1) Two-dimensional conduction, (2) Constant properties, (3) No internal 
generation except for Node 7, (4) Heating element approximates a line source; wire diameter 
is negligible. 

ANALYSIS: The grid for the symmetry element above consists of 12 nodes. Nodes 1-3 are 
points on a surface experiencing convection; nodes 4-12 are interior nodes; node 7 is a special 
case with internal generation and because of symmetry, qj 1t = 25 W/m. Their finite- 
difference equations are derived as follows 


Surface Node 2. From an energy balance on the prescribed control volume with Ax/Ay = 3, 

TP+1 _ i-pP 

Ein=E s t=qa+qb+qc+qd = PcV-" 


At 


p+t-TP+i 

k ——-=— + hAx(T 00 -TF +1 

2 Ax l 2 ) 



_ Z. 

9 » 3 

O' ! 

“a ! 


r — q' 

1 \q, ax " i 

vid • 5 


+ k — T E‘ 


.p+1 


Ax 


- + kAx - 


r p+l T p+1 

5 z 
Ay 


c 



HpP+l _ rpP 

_2__\2_ 

At 


Continued 







PROBLEM 5.126 (Cont.) 


Divide by k, use the following definitions, and regroup to obtain the finite-difference 
equations. 

N = hAx/k = 100 W/m 2 ■ Kx0.006m/2 W/m ■ K = 0.3000 (1) 

Fo = (k Ip c) At/Ax ■ Ay = aAt/Ax ■ Ay = 

1.5xl0~ 6 m 2 /sxls/(0.006x0.002)m 2 =0.1250 (2) 

l[fy| ( T 1 P+1 - T 2 P+1 )+ N (T~-T 2 P+1 )+i[£] (if 1 -if 1 ) 

+ [^] ( T 5 p+1 -<)=ik«-F p ) 

ir^l T| p +i -[r^i + N + r^i+—1 T p +i + ir^i T p + > 

2 [_ Ax J 1 |_ Ay J LAxJ 2Fo 2 2 |_ Ay J ^ 

+ M T 5 P+1 =-NT 00 --^TP. (3) 

_ Ay J J 2Fo z 

Substituting numerical values for Fo and N, and using = 30°C and Ax/Ay = 3, find 

0.16667T P+1 -7.63333T P+1 +0.16667T P+1 +3.00000T P+1 = 9.0000- 4. 0000T P . (4) 

By inspection and use of Eq. (3), the FDEs for Nodes 1 and 3 can be inferred. 



Continued 






PROBLEM 5.126 (Cont.) 

Recognizing the form of Eq. (5), it is a simple matter to infer the FDE for the remaining 
interior points for which t|) lt = 0. In matrix notation [A][T] = [C], the coefficient matrix [A] 
and RHS matrix [C] are: 


THE COEFFICIENT MATRIX, [A] 


-7.633330 

0.333330 

0 

3.000000 

0 

0 

0 

0.166670 

-7.633330 

0.166670 

0 

3.000000 

0 

0 

0 

0.333330 -7.633330 

0 

0 

3.000000 

0 

1500000 

0 

0 

-7.333330 

0.333330 

0 

1500000 

0 

3.000000 

0 

0.333330 

-14.666670 

0.333330 

0 

0 

0 

1.500000 

0 

0.333330 

-7.333330 

0 

0 

0 

0 

1.500000 

0 

0 -7.333330 

0 

0 

0 

0 

3.000000 

0 

0.333330 

0 

0 

0 

0 

0 

1.500000 

0 

0 

0 

0 

0 

0 

0 

3.000000 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


iq 


0 

0 

0 

0 

0 -4.0T? - 9.0 

0 

0 

0 

0 

0 -4.0T5-9.0 

0 

0 

0 

0 

0 -4.0T5 - 9.0 

0 

0 

0 

0 

0 -4.0TJ 

3.000000 

0 

0 

0 

0 -8.0T1 

0 

1.500000 

0 

0 

0 -4.0T| 

0.333330 

0 

1500000 

0 

0 ^1.0T?-1ZS 


14.666670 0.333330 0 3.000000 0 -8.0TJ 

0.333330 -7.333330 0 0 1.500000 -4.0T| 

0 0 -7.333330 0.333330 0 -4.0T?„ 

3.000000 0 0.166670 -7.333330 0.166670 -4.0T?, 

0 3.000000 0 0.333330 -7.333330 -4.0T? 2 


Recall that the problem asks for the time required to reach 
95% of the difference for steady-state conditions. This 
provides information on approximately how long it takes 
for the plate to come to a steady operating condition. If 
you worked Problem 4.71, you know the steady-state 
temperature distribution. Then you can proceed to find the 

T,P values with increasing time until the first node reaches 
the required limit. We should not expect the nodes to reach their limit at the same time. 

Not knowing the steady-state temperature distribution, use the implicit FDE in matrix form 
above to step through time —> °° to the steady-state solution; that is, proceed to p —> 

10,20... 100 until the solution matrix [T] does not change. The results of the analysis are 

tabulated below. Column 1 labeled T m (°°) is the steady-state distribution. Column 2, 
T m (95%), is the 95% limit being sought as per the graph directly above. The third column is 

the temperature distribution at t = to = 248s, T m (248s); at this elapsed time. Node 1 has 
reached its limit. Can you explain why this node was the first to reach this limit? Which 
nodes will be the last to reach their limits? 


_Steady-stafe_value 

. 



Time (p) 


95% 1007c 
4 _ k 

t—>• 


TniM 

T m (95%) 

T m (248s) 

55.80 

54.51 

54.51 

49.93 

48.93 

48.64 

47.67 

46.78 

46.38 

59.03 

57.58 

57.64 

51.72 

50.63 

50.32 

49.19 

48.23 

47.79 

63.89 

62.20 

62.42 

52.98 

51.83 

51.52 

50.14 

49.13 

48.68 

62.84 

61.20 

61.35 

53.35 

52.18 

51.86 

50.46 

49.43 

48.98 





PROBLEM 5.127 


KNOWN: Nodal network and operating conditions for a water-cooled plate. 
FIND: Transient temperature response. 

SCHEMATIC: 


XL? pi 2 A 


§i iVr ‘ m‘ r \ >—z— 

6 7 6 

A.y-4mm 

^ 0 ? a '|L« 

7“ =s ^5*jyvj — 

= 5000W/m l K ? - \e=190\Nlt 


% = 5000 M/m z K i - 

ax= 2.5mm —> 

-^'14 T 15* 16 17* i6' 


-bl90W/mK, 

oi => 7S* !0' m*/A. 


~19WXZ0 21 22 23T 




^24 ^25^2^ Z7 m 28j ^: ~ 

111 2;=.ww/»* 

ASSUMPTIONS: (1) Steady-sate conditions, (2) Two-dimensional conduction. 

ANALYSIS: The energy balance method must be applied to each nodal region. Grouping 
similar regions, the following results are obtained. 

Nodes 1 and 5: 

, ( 2aAt _ 2aAt j^p+i 2aAt rrP +i 2aM rrV +\_ rrV 

A 2 A 2 1 A 2 2 A 2 6 “ A 1 

^ Ax Ay j Ax Ay 

t , 2aAt i 2aAt ^ p +i 2aAt rrP+ i 2aAt ^p+i _ rrP 

A 2 A 2 5 A 2 4 , 2 10 5 

^ Ax Ay J Ax Ay 

Nodes 2, 3, 4: 

, 2aAt i 2aAt ^ p+ i aAt ^p+i aAt ^ p+ i 2aAt rrP+ i _ rrP 

A 2 A 2 m - n A 2 m-l,n . 2 m+l,n . 2 m,n-l “ Vn 
^ Ax Ay J Ax Ax Ay 

Nodes 6 and 14: 

, 2aAt _ 2aAt i 2haAt ]^ p +i 2aAt ^ p+ i 2aAt ^ p+ i _ 2haAt T 
Ax 2 Ay 2 kAy f<- ~ A y 2 ' " Ax 2 7 = kAy T “ +T 6 


, , 2aAt i 2aAt i 2haAt j^p+i 2aAt rrP +i 2aAt ^ P +l _ 2haAt T 

AH - _ + _ + Li a _ lie 1 1 n — Aon ' li/i 


Ax 2 Ay 2 kA y 


2 15 


2 19 


Continued 




PROBLEM 5.127 (Cont.) 


Nodes 7 and 15: 


, , 2aAt 2aAt 2hoAt j^p+i 2oAt tP+ i aAt tP+ i aAt tP+ i _ 2haAt ^ 

It I - “I In 1-^ 1/" lo — J-rvn T In 

Ax 2 Ay 2 kAy J 7 Ay 2 2 Ax 2 6 kAx 2 8 kAy “ 7 

, 2aAt 2aAt i 2haAt ^p+i aAt ^p+i aAt tP +i 2aAt ^p+i _ 2haAt ^ 

1+ 2 + 2 + A 15 2 il4 2 A 16 2 20 “ , . 1 °° + i 15 

Ax^ Ay Z kA y I Ax 2 Ax"" Ay 2 


Nodes 8 and 16: 


2aAt 2aAt 2 haAt 2 haAt j p +i 4 aAt p +i 2 aAt p +i 
+ A? + A^ + 3 kM + 3WJ 8 ~3^2 3 “3^2 7 

4 aAt p+i 2 aAt p+ i _ 2 haAt f 1 1 V T p 
3 Ax 2 9 3 Ay 2 11 3 k y Ax Ay J °° 8 

, , 2aAt i 2aAt i 2 i haAt _ 2 haAt ^p+i 2 aAt ^p+i 2 aAt ^p+i 

It ~ ^ t“ _ "I "• _ li/: _ _ - lie 


Ax2 Ay 2 3 kAx 3 kAy J 16 3 Ay2 H 3 Ax 2 15 

4 aAt ^p+i 4 aAt ^p+i _ 2 haAt f 1 _ 1 _ ^p 

~ Ain, l 0 i - I H” Aoq H" li S' 


3 Ax 2 17 3 Ay 2 21 3 k Ax Ay 


Node 11: 


, , 2aAt i 2aAt i 2haAt ^p+i aAt ^p+i ^ At ^p+i aAt ^p+i 2haAt ^ ^ 

l - ! - “I - li i lo 2,CC lin, Ai/C — 1^."I - li 

Ax 2 A, 2 kAx 11 Ay 2 * Ax 2 ' 2 Ay 2 ‘ 6 kAx " 1 


Nodes 9, 12, 17, 20, 21, 22: 


2aAt 2aAt p+i aAt / p+i T p +1 \ aAt / p+i tP +1 \ _ T p 

A? A^ m ' n ^2\ m -n + l + 1 m.n-lj ^2 lW + U )~ Vn 


Nodes 10, 13, 18, 23: 


2aAt 2aAt p+i aAt / p+i T p +1 \ 2aAt p+i _ tP 

k? V" V ” Ay 2 ^ m '" + T Vn-0 'm-l.n “'m.n 


Node 19: 


, , 2aAt | 2aAt T p+i aAt |' rrP + 1 ( T p+] \ 2aAt rr p+i _ T p 

7T 7T 19 7T\ 14 24 ) 7T 20 _ A 19 

Ax Ay Ay v ' Ax 


Nodes 24, 28: 


A 2 A 2 24 

Ax Ay 


, , 2aAt i 2aAt j^p+i 2aAt rrP +i 2aAt rrP +i _ 2q'' } aAt ^ 

I i ^ i ^ 1 n /i ~ 11 n ^ Inc — i 1 n 


2 19 


2 25 


A 2 A 2 28 

Ax Ay 


, , 2aAt i 2aAt j^p+i 2aAt rrP +i 2aAt rrP+ i _ 2q'aAt irrP 

It _ i _ Ino Ino 1 — ' lot 


2 23 


2 27 


Continued 




Nodes 25, 26, 27: 


PROBLEM 5.127 (Cont.) 


( 

, 2aAt 2aAt 

1 +-^ +-7T 

Ax 2 Ay 2 


\ 

r rP + ^ 

1 m,n 

) 


2aAt ^p+i _ aA^/p+i T p+1 \_2%aAt p +i 
A y2 Vn+1 Ax 2 V m-l,n m+l,nj kAy m,n 


The convection heat rate is 


q; onv = h [(Ax/2)(T 6 - ) + Ax (T 7 -) + (Ax + Ay)(T 8 -)/2 + Ay (T : j -) + (Ax 

+Ay)(T 16 - )/ 2 + Ax (T 15 - ) + (Ax/2)(T 14 -T 00 ) = q out 

The heat input is 

q[ n =qo( 4Ax ) 

and, on a percentage basis, the ratio is 
n = (qconv ^in ) x 100. 


Results of the calculations (in °C) are as follows: 


Time: 

5.00 sec; 

n = 60.57% 


Time: 

10.00 sec; 

n = 85.80% 


19.612 

19.712 

19.974 

20.206 

20.292 

22.269 

22.394 

22.723 

23.025 

23.137 

19.446 

19.597 

20.105 

20.490 

20.609 

21.981 

22.167 

22.791 

23.302 

23.461 



21.370 

21.647 

21.730 



24.143 

24.548 

24.673 

24.217 

24.074 

23.558 

23.494 

23.483 

27.216 

27.075 

26.569 

26.583 

26.598 

25.658 

25.608 

25.485 

25.417 

25.396 

28.898 

28.851 

28.738 

28.690 

28.677 

27.581 

27.554 

27.493 

27.446 

27.429 

30.901 

30.877 

30.823 

30.786 

30.773 

Time: 

15.0 sec; 

n = 94.89% 


Time: 

20.00 sec; 

n = 98.16% 


23.228 

23.363 

23.716 

24.042 

24.165 

23.574 

23.712 

24.073 

24.409 

24.535 

22.896 

23.096 

23.761 

24.317 

24.491 

23.226 

23.430 

24.110 

24.682 

24.861 



25.142 

25.594 

25.733 



25.502 

25.970 

26.115 

28.294 

28.155 

27.652 

27.694 

27.719 

28.682 

28.543 

28.042 

28.094 

28.122 

30.063 

30.018 

29.908 

29.867 

29.857 

30.483 

30.438 

30.330 

30.291 

30.282 

32.095 

32.072 

32.021 

31.987 

31.976 

32.525 

32.502 

32.452 

32.419 

32.409 

Time: 

23.00 sec; 

n = 99.00% 







23.663 

23.802 

24.165 

24.503 

24.630 






23.311 

23.516 

24.200 

24.776 

24.957 








25.595 

26.067 

26.214 






28.782 

28.644 

28.143 

28.198 

28.226 






30.591 

30.546 

30.438 

30.400 

30.392 






32.636 

32.613 

32.563 

32.531 

32.520 







COMMENTS: Temperatures at t = 23 s are everywhere within 0.13°C of the final steady- 
state values. 



PROBLEM 5.128 


KNOWN: Cubic-shaped furnace, with prescribed operating temperature and convection heat transfer 
on the exterior surfaces. 

FIND: Time required for the furnace to cool to a safe working temperature corresponding to an inner 
wall temperature of 35°C considering convection cooling on (a) the exterior surfaces and (b) on both 
the exterior and interior surfaces. 


SCHEMATIC: 


y (m) 




Too = 25°C 
h = 20 W/m 2 -K 


T(x,y,t) 


Furnace wall 
' p = 2600 kg/m 3 
c = 960 J/kg-K 
k = 1 W/m-K 


'//J7///////// V///////////A_ 




8 


T(x,0,0) = 900°C 

(a) Adiabatic inner surface 


9 x (m) 


=f> Tqq, h 


z 


:: Z t^, h i_ t( X ,o,o) = 900°c 

(b) Cooled inner surface 


ASSUMPTIONS: (1) Two-dimensional conduction through the furnace walls and (2) Constant 
properties. 

ANALYSIS: Assuming two-dimensional conduction through the walls and taking advantage of 
symmetry for the cubical shape, the analysis considers the quarter section shown in the schematic 
above. For part (a), with no cooling on the interior during the cool-down process, the inner surface 
boundary condition is adiabatic. For part (b), with cooling on both the exterior and interior, the 
boundary conditions are prescribed by the convection process. The boundaries through the centerline 
of the wall and the diagonal through the corner are symmetry planes and considered as adiabatic. We 
have chosen to use the finite-element software FEHT as the solution tool. 


Using FEHT, an outline of the symmetrical wall section is drawn, and the material properties are 
specified. To determine the initial conditions for the cool-down process, we will first find the 
temperature distribution for steady-state operation. As such, specify the boundary condition for the 
inner surface as a constant temperature of 900°C; the other boundaries are as earlier described. In the 
Setup menu, click on Steady-State, and then Run to obtain the steady-state temperature distribution. 
This distribution represents the initial temperature distribution, Ti (x, y, 0), for the wall at the onset of 
the cool-down process. 

Next, in the Setup menu, click on Transient ; for the nodes on the inner surface, in the Specify I 
Boundary Conditions menu, deselect the Temperature box (900°C) and set the Flux box to zero for the 
adiabatic condition (part (a)); and, in the Run command, click on Continue (not Calculate ). Be sure to 
change the integration time scale from seconds to hours. 

Because of the high ratio of wall section width (nearly 8.5 m) to the thickness (1 m), the conduction 
heat transfer through the section is nearly one-dimensional. We chose the x,y-section 1 m to the right 
of the centerline (1 m, y) as the location for examining the temperature-time history, and determining 
the cool-down time for the inner surface to reach the safe working temperature of 35°C. 


Continued 





PROBLEM 5.128 (Cont.) 


Temperature history during cool down at x,y-section (1 m, y) 



Time [hr] 


Time-to-cool, Part (a), Adiabatic inner surface. From the above temperature history, the cool-down 
time, t a , corresponds to the condition when T a (1 m, 0, t a ) = 35°C. As seen from the history, this 
location is the last to cool. From the View I Tabular Output, find that 

t a = 1306 h = 54 days < 


Temperature history during cool down at x,y-section (1 m, y) 



Time [hr] 


Continued 






PROBLEM 5.128 (Cont.) 


Time-to-cool, Part (b), Cooled inner surface. From the above temperature history, note that the center 
portion of the wall, and not the inner surface, is the last to cool. The inner surface cools to 35°C in 
approximately 175 h or 7 days. However, if the cooling process on the inner surface were 
discontinued, its temperature would increase and eventually exceed the desired safe working 
temperature. To assure the safe condition will be met, estimate the cool down time as, t^, 
corresponding to the condition when T^ (1 m, 0.75 m, tp) = 35°C. From the View I Tabular Output, 
find that 


tp, = 311 h = 13 days < 

COMMENTS: (1) Assuming the furnace can be approximated by a two-dimensional symmetrical 
section greatly simplifies our analysis by not having to deal with three-dimensional corner effects. We 
justify this assumption on the basis that the corners represent a much shorter heat path than the straight 
wall section. Considering corner effects would reduce the cool-down time estimates; hence, our 
analysis provides a conservative estimate. 

(2) For background information on the Continue option, see the Run menu in the FEHT Help section. 
Using the Run I Calculate command, the steady-state temperature distribution was determined for the 
normal operating condition of the furnace. Using the Run I Continue command (after clicking on 
Setup I Transient ), this steady-state distribution automatically becomes the initial temperature 
distribution for the cool-down transient process. This feature allows for conveniently prescribing a 
non-uniform initial temperature distribution for a transient analysis (rather than specifying values on a 
node-by-node basis. 



PROBLEM 5.129 


KNOWN: Door panel with ribbed cross-section, initially at a uniform temperature of 275°C, is 

ejected from the hot extrusion press and experiences convection cooling with ambient air at 25°C and 

2 

a convection coefficient of 10 W/m -K. 

FIND: (a) Using the FEHT ViewlTemperature vs. Time command, create a graph with temperature¬ 
time histories of selected locations on the panel surface, T(x,0,t). Comment on whether you see 
noticeable differential cooling in the region above the rib that might explain the appearance defect; and 
Using the View\Temperature Contours command with the shaded-band option for the isotherm 
contours, select the From start to stop time option, and view the temperature contours as the panel 
cools. Describe the major features of the cooling process you have seen. Use other options of this 
command to create a 10-isotherm temperature distribution at some time that illustrates important 
features. How would you re-design the ribbed panel in order to reduce this thermally induced paint 
defect situation, yet retain the stiffening function required of the ribs? 

SCHEMATIC: 



p = 1050 kg/m3 
c = 800 J/kg-K 
k = 0.5 W/m-K 


ASSUMPTIONS: (1) Two-dimensional conduction in the panel, (2) Uniform convection coefficient 
over the upper and lower surfaces of the panel, (3) Constant properties. 

PROPERTIES: Door panel material (given): p = 1050 kg/m 3 , c = 800 J/kg-K, k = 0.5 W/m-K. 

ANALYSIS: 

(a) Using the Draw command, the shape of the symmetrical element of the panel (darkened region in 
schematic) was generated and elements formed as shown below. The symmetry lines represent 
adiabatic surfaces, while the boundary conditions for the exposed web and rib surfaces are 

characterized by (Too, h). 


Continued 




PROBLEM 5.129 (Cont.) 
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After running the calculation for the time period 0 to 400 s with a 1-second time step, the temperature¬ 
time histories for three locations were obtained and the graph is shown below. 


Panel surface temperature-time history, T(x,0,t) 



Time [sec] 


As expected, the region directly over the rib (0.0) cooled the slowest, while the extreme portion of the 
web (0, 13 mm) cooled the fastest. The largest temperature differences between these two locations 
occur during the time period 50 to 150 s. The maximum difference does not exceed 25°C. 


Continued 









PROBLEM 5.129 (Cont.) 


(b) It is possible that the temperature gradients within the web-rib regions - rather than just the upper 
surface temperature differentials - might be important for understanding the panel’s response to 
cooling. Using the Temperature Contours command (with the From start to stop option), we saw that 
the center portion of the web and the end of the rib cooled quickly, but that the region on the rib 
centerline (0, 3-5 mm), was the hottest region. The isotherms corresponding to t = 100 s are shown 
below. For this condition, the temperature differential is about 21°C. 
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From our analyses, we have identified two possibilities to consider. First, there is a significant surface 
temperature distribution across the panel during the cooling process. Second, the web and the 
extended portion of the rib cool at about the same rate, and with only a modest normal temperature 
gradient. The last region to cool is at the location where the rib is thickest (0, 3-5 mm). The large 
temperature gradient along the centerline toward the surface may be the cause of microstructure 
variations, which could influence the adherence of paint. An obvious re-design consideration is to 
reduce the thickness of the rib at the web joint, thereby reducing the temperature gradients in that 
region. This fix comes at the expense of decreasing the spacing between the ribs. 






PROBLEM 6.1 


KNOWN: Variation of h x with x for laminar flow over a flat plate. 
FIND: Ratio of average coefficient, h x , to local coefficient, h x , at x. 

SCHEMATIC: 




1 * ' ' ' ' ' ' ' ■ 


Thermal boundary layer } 

h x = Cx where C 
is a constant 


ANALYSIS: The average value of h x between 0 and x is 


= -f h x dx = —| X x' 1/2 dx 
x 0 x 0 

C. 1/2 -1/2 


h x = — 2x 


2Cx" 


h x - 2h x . 


Hence, — = 2. < 

hx 

COMMENTS: Both the local and average coefficients decrease with increasing distance x 
from the leading edge, as shown in the sketch below. 




PROBLEM 6.2 

KNOWN: Variation of local convection coefficient with x for free convection from a vertical 
heated plate. 

FIND: Ratio of average to local convection coefficient. 


SCHEMATIC: 



h x =—f h x dx = —f x'^ 4 dx 

x J o x J o 


h x =i C x 3/ 4 = 4 Cx -1/ 4 
3 x 3 


—h. 


Hence, — = —. < 

h x 3 

The variations with distance of the local and average convection coefficients are shown in the 
sketch. 



COMMENTS: Note that h x /h x =4/3 is independent of x. Hence the average coefficient 

4 

for an entire plate of length L is hp = — lip, where hp is the local coefficient at x = L. Note 
also that the average exceeds the local. Why? 



PROBLEM 6.3 


KNOWN: Expression for the local heat transfer coefficient of a circular, hot gas jet at Too 
directed normal to a circular plate at T s of radius r 0 . 

FIND: Heat transfer rate to the plate by convection. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Flow is axisymmetric about the plate, (3) 
For h(r), a and b are constants and n ^ -2. 

ANALYSIS: The convective heat transfer rate to the plate follows from Newton’s law of 
cooling 

^conv = } d^conv = J h (t ) ■ ' (Too ~ T s ) • 

J A J A 

The local heat transfer coefficient is known to have the form, 
h(r) = a + br 11 

and the differential area on the plate surface is 
dA = 2;rr dr. 

Hence, the heat rate is 

q C onv=J o (a+br n J-2rc rdr-^-Tj 
q C on» = 21Z (T„ - T s ) [ i r 2 + v a+2 1 ° 

qco„v=2^[|ib 2 +-^ro n+2 l (T„-T s ). < 

_2 n + 2 

COMMENTS: Note the importance of the requirement, n -2. Typically, the radius of the 
jet is much smaller than that of the plate. 


PROBLEM 6.4 

KNOWN: Distribution of local convection coefficient for obstructed parallel flow over a flat 
plate. 

FIND: Average heat transfer coefficient and ratio of average to local at the trailing edge. 

SCHEMATIC: 


-h^0.7+13.6x-3.4x z 



-0 04 '"'TA 


^7 ^©7/^7 

////// / "r 7\ 


L-3 m 


ANALYSIS: The average convection coefficient is 


h L =ir i^xAr (°- 




— h x dx = — 0.7 + 13.6x-3.4x dx 

LJ 0 X L J 0 

h L =^-(o.7L + 6.8L 2 -1.13L 3 ) = 0.7 + 6.8L-1.13L 2 

h L = 0.7 + 6.8(3) —1.13(9) = 10.9 W/m 2 ■ K. 

The local coefficient at x = 3m is 

h L = 0.7 +13.6(3)-3.4(9) = 10.9 W/m 2 ■ K. 

Hence, 

h L /h L = 1‘0- 

COMMENTS: The result hj^ /hj^ =1.0 is unique to x = 3m and is a consequence of the 
existence of a maximum for h x (x). The maximum occurs at x = 2m, where 

/ ' J i- ,J - X O nnrl /h 2 1i /Hv 2 ~ ' 



PROBLEM 6.5 


KNOWN: Temperature distribution in boundary layer for air flow over a flat plate. 

FIND: Variation of local convection coefficient along the plate and value of average coefficient. 


SCHEMATIC: 

7^=20 °C 

- > 

-► 

ANALYSIS: From Eq. 6.17, 


T(x,y) = 20 + 70e 


600xy 




L- 5 m 


k ^y| y=0 _ k(70x600x) 
(T s — Xm ) (T s — Too) 


where T s = T(x,0) = 90°C. Evaluating k at the arithmetic mean of the freestream and surface 
temperatures, T = (20 + 90)°C/2 = 55°C = 328 K, Table A.4 yields k = 0.0284 W/m-K. Hence, with 
T s - T^ = 70°C = 70 K, 


_ 0.0284W/m-K(42,000x)K/m , 

11 _ 70 K 


/ m 2 ■ K 


and the convection coefficient increases linearly with x. 






















PROBLEM 6.6 


KNOWN: Variation of local convection coefficient with distance x from a heated plate with a 
uniform temperature T s . 

FIND: (a) An expression for the average coefficient h ] 2 for the section of length (x 2 - Xj) in terms of 
C, Xi and x 2 , and (b) An expression for h ] 2 in terms of Xj and x 2 , and the average coefficients h] and 
h 2 , corresponding to lengths Xi and x 2 , respectively. 

SCHEMATIC: 



ASSUMPTIONS: (1) Laminar flow over a plate with uniform surface temperature, T s , and (2) 

_ 1/2 

Spatial variation of local coefficient is of the form h x = Cx , where C is a constant. 


ANALYSIS: (a) The heat transfer rate per unit width from a longitudinal section, x 2 - xi, can be 
expressed as 

q'l 2 =hi 2 (x 2 -xi)(T s -T 00 ) (1) 

where h^ 2 is the average coefficient for the section of length (x 2 - Xi). The heat rate can also be 
written in terms of the local coefficient, Eq. (6.3), as 

q'l2 = r h x dx (T s - Too ) = (T s - ^) r 2 h x dx (2) 

J Xi ‘'Al 

Combining Eq. (1) and (2), 

hi 2 = 7 - 1 -T C 2 h x dx (3) 

(x 2 -x 1 ) J x 1 

— 1/2 

and substituting for the form of the local coefficient, h x = Cx , find that 


h 12 = 


-—J X2 cv 

— X 1 1 Jxi 


(x 2 -x 1 ) J x 1 


x 2 _x l 1/2 


x 1/2 -x 1/2 

A o A 1 


x 2 — X 1 


(b) The heat rate, given as Eq. (1), can also be expressed as 
qi2 = d 2 x 2 (^s — Too ) — h lXl (T s — ^ ) 


(4)< 

(5) 


which is the difference between the heat rate for the plate over the section (0 - x 2 ) and over the section 
(0 - Xi). Combining Eqs. (1) and (5), find, 


h 12 = 


h 2 x 2- h l x l 
x 2 — X 1 


( 6 )< 


COMMENTS: (1) Note that, from Eq. 6.6, 


h Y = — 


1 f X h x dx =— f X Cx l/ 2 dx = 2Cx’ 

Jo x v Jo 


or h x = 2h x . Substituting Eq. (7) into Eq. (6), see that the result is the same as Eq. (4). 



PROBLEM 6.7 


KNOWN: Radial distribution of local convection coefficient for flow normal to a circular 
disk. 

FIND: Expression for average Nusselt number. 

SCHEMATIC: 


-> 

V -> 

-> 



ASSUMPTIONS: Constant properties 
ANALYSIS: The average convection coefficient is 


h = 

h = 

h = 


rl 


— | hdA, 
A 


| ^r Nu o 1 + a (r/r Q ) n 

J n I 


71 Y ( 


2J 0 D 


kNu r 


r 2 | ar n+2 
2 ( n + 2 ) r o 


2 k rdr 


where Nu 0 is the Nusselt number at the stagnation point (r = 0). Hence, 


Nu 

Nu 

Nu 


D ' 

D = 
D = 


hD 

~k 


= 2Nu 0 


( r/r o f + a 
2 (n+2) 


= Nu 0 [l + 2a/ (n + 2)J 
[l+2a/(n+2)]0.814Re^ 2 Pr°- 36 


( A n+2 
r 


v r ° y 


< 


COMMENTS: The increase in h(r) with r may be explained in terms of the sharp turn which 
the boundary layer flow must make around the edge of the disk. The boundary layer 
accelerates and its thickness decreases as it makes the turn, causing the local convection 
coefficient to increase. 




PROBLEM 6.8 


KNOWN: Convection correlation and temperature of an impinging air jet. Dimensions and initial 
temperature of a heated copper disk. Properties of the air and copper. 

FIND: Effect of jet velocity on temperature decay of disk following jet impingement. 

SCHEMATIC: 



ASSUMPTIONS: (1) Validity of lumped capacitance analysis, (2) Negligible heat transfer from sides 
and bottom of disk, (3) Constant properties. 

ANALYSIS: Performing an energy balance on the disk, it follows that 
E st = pVcdT/dt = -A s (qconv + c lrad)- Hence, with V = A S L, 


dT _ _ h (T Tqo ) + h r (T T sur ) 
dt pcL 

where, h r = EG (T + T sur )(t - + T s ^ r j and, from the solution to Problem 6.7, 


=- k— k (, 2a ^ 


h = — Nu D = — 
D D 


1 + - 


n + 2 

\ / 

With a = 0.30 and n = 2, it follows that 

h = (k/D)0.936Re^ /2 Pr 036 


0.814Re^ /2 Pr 0 - 36 


where Re D = VD/v. Using the Lumped Capacitance Model of IHT, the following temperature histories 
were determined. 


Continued 













PROBLEM 6.8 (Cont.) 



Time, t(s) 


—©— V = 4 m/s 
—A— V = 20 m/s 
—B— V = 50 m/s 


The temperature decay becomes more pronounced with increasing V, and a final temperature of 400 K is 
reached at t = 2760, 1455 and 976s for V = 4, 20 and 50 m/s, respectively. 

COMMENTS: The maximum Biot number, Bi = (h + h r jL/k(^ u , is associated with V = 50 m/s 

(maximum h of 169 W/nr-K) and t = 0 (maximum h r of 64 W/irf-K), in which case the maximum Biot 
number is Bi = (233 W/m 2 K)(0.025 m)/(386 W/m-K) = 0.015 <0.1. Hence, the lumped capacitance 
approximation is valid. 




PROBLEM 6.9 


KNOWN: Local convection coefficient on rotating disk. Radius and surface temperature of disk. 
Temperature of stagnant air. 

FIND: Local heat flux and total heat rate. Nature of boundary layer. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat transfer from back surface and edge of disk. 

ANALYSIS: If the local convection coefficient is independent of radius, the local heat flux at every 
point on the disk is 


q" = h(T s -T^) = 20W/m 2 ■ K(50-20)°C = 600W/m 2 < 

— 2 

Since h is independent of location, h = h = 20 W / m ■ K and the total power requirement is 
Pelec = 0 = hA s (T s — ) = h;rr 0 (T s — T^) 

P e lec = ^20W/ m 2 ■ k|;t (0.1m) 2 (50-20)°C = 18.9 W < 

If the convection coefficient is independent of radius, the boundary layer must be of uniform 
thickness 8. Within the boundary layer, air flow is principally in the circumferential direction. The 

circumferential velocity component uq corresponds to the rotational velocity of the disk at the surface 

(y = 0) and increases with increasing r (uq = Hr). The velocity decreases with increasing distance y 
from the surface, approaching zero at the outer edge of the boundary layer (y —> 8). 




PROBLEM 6.10 


KNOWN: Form of the velocity and temperature profiles for flow over a surface. 
FIND: Expressions for the friction and convection coefficients. 

SCHEMATIC: 



d u 


A + 2By-3Cy 2 

d yj 

y=0 

- 


Jy=0 


= A /i. 


Hence, the 


Cf 


Cf 


friction coefficient has the form, 

T s _ 2A pt 

2 ~ 2 

pu„/2 pUoo 

2Av 



< 


The convection coefficient is 


_ - k f ( d T/d y) y=0 _ 


-kf 


h = 

h= j-kfE 


E + 2Fy-3Gy" 


Jy=0 


T -T 

x s x °o 


D-Xv 


D-To, 


< 


COMMENTS: It is a simple matter to obtain the important surface parameters from 
knowledge of the corresponding boundary layer profiles. However, it is rarely a simple matter 
to determine the form of the profile. 



PROBLEM 6.11 


KNOWN: Surface temperatures of a steel wall and temperature of water flowing over the 
wall. 

FIND: (a) Convection coefficient, (b) Temperature gradient in wall and in water at wall 
surface. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional heat transfer in x, (3) 
Constant properties. 


PROPERTIES: Table A-l, Steel Type AISI1010 (70°C = 343K), k s = 61.7 W/m-K; Table 
A-6, Water (32.5°C = 305K), k f = 0.62 W/m-K. 

ANALYSIS: (a) Applying an energy balance to the control surface at x = 0, it follows that 

” * — n 

0x,cond — dx.conv — u 


and using the appropriate rate equations, 

T s 2 - T s j , , 

ks 32_M =h(Tsl _T 4 

Hence, 


h = 


k s t s,2 \ 1 
k T s l — Tso 


61.7 W/m-K 60^ = 705 w/m 2. K 
0.35m 15 ° C 


< 


(b) The gradient in the wall at the surface is 

(dT/dx) = - Ts ’ 2 Ts;1 _ = -171.4° C/m. 

v L 0.35m 

In the water at x = 0, the definition of h gives 

< dT/dx >f,x=0 = -w( T sl- T “) 


(dT/dx) 


f,x=0 


k f 

705 W/m 2 • K 
0.62 W/m ■ K 


(l5°c) = 


-17,056° C/m. 



COMMENTS: Note the relative magnitudes of the gradients. Why is there such a large 
difference? 





PROBLEM 6.12 


KNOWN: Boundary layer temperature distribution. 
FIND: Surface heat flux. 

SCHEMATIC: 



PROPERTIES: Table A-4, Air (T s = 300K): k = 0.0263 W/m-K. 


ANALYSIS: Applying Fourier’s law at y = 0, the heat flux is 


* 1 
q s =-k 


d y y =o 


-k(T 00 -T s ) Pr—^ exp -Pr 


q^=-k(T 00 -T s )Pr-^ 

q$ = —0.0263 W/m- K(100K)0.7x5000 1/m. 


qs =-9205 W/m 2 . 

COMMENTS: (1) Negative flux implies convection heat transfer to the surface. 
(2) Note use of k at T s to evaluate q£ from Fourier’s law. 


< 



PROBLEM 6.13 


KNOWN: Air flow over a flat plate of length L=lm under conditions for which transition from 
laminar to turbulent flow occurs at x c = 0.5m based upon the critical Reynolds number, Re x c = 5x 10 5 . 
Forms for the local convection coefficients in the laminar and turbulent regions. 

FIND: (a) Velocity of the air flow using thermophysical properties evaluated at 350 K, (b) An expression 
for the average coefficient h| an (x) , as a function of distance from the leading edge, x, for the laminar 

region, 0 < x < x c , (c) An expression for the average coefficient h turb (x), as a function of distance 
from the leading edge, x, for the turbulent region, x c < x < L, and (d) Compute and plot the local and 
average convection coefficients, h x and h x , respectively, as a function of x for 0 < x < L. 

SCHEMATIC: 



ASSUMPTIONS: (1) Forms for the local coefficients in the laminar and turbulent regions, ham = 
QamX' 0 ' 5 and h tirb - C turb x a2 where C lam = 8.845 W/m 3/2 -K, C turb = 49.75 W/nr-K 08 , and x has units (m). 

PROPERTIES: Table A.4 , Air (T = 350 K): k = 0.030 W/m-K, v = 20.92 x 10 6 m 2 /s, Pr = 0.700. 


ANALYSIS: (a) Using air properties evaluated at 350 K with x c = 0.5 m, 

Re xc =-^C = 5xl0 5 Uoo =5 x10 5 v/x c = 5xl0 5 x20.92xl0“ 6 m 2 /s/o.5m = 20.9m/s < 
’ V 

(b) From Eq. 6.5, the average coefficient in the laminar region, 0 < x < x c , is 

^lam ( x ) = — L ^lam ( x )^ x = — ^lam J x dx=—Ci am x = 2Cj am x =2hj am (x) (1)^ 

V 411 v J() v 


(c) The average coefficient in the turbulent region, x c < x < L, is 

hturb ( x ) = — PJq h|am ( x )dx + f h tur ^ (x)dx = C| am 


0.5 | x c 


hturb ( x ) = ^[2Ci am x?' 5 +1.25C turb (x°' 8 -x?' 8 ) 


( 2 ) < 


(d) The local and average coefficients, Eqs. (1) and (2) are plotted below as a function of x for the range 
0 < x < L. 



Distance from leading edge, x (m) 


—•— Local - laminar, x <= xc 
—•— Local - turbulent, x => xc 
—©— Average - laminar, x <= xc 
— a — Average - turbulent, x => xc 





PROBLEM 6.14 

KNOWN: Air speed and temperature in a wind tunnel. 

g 

FIND: (a) Minimum plate length to achieve a Reynolds number of 10 , (b) Distance from 
leading edge at which transition would occur. 

SCHEMATIC: 



ASSUMPTIONS: (1) Isothermal conditions, T s = Too. 

PROPERTIES: Table A-4, Air (25°C = 298K): v = 15.71 x 10" 6 m 2 /s. 
ANALYSIS: (a) The Reynolds number is 

Re = P UpgX = UqqX 


To achieve a Reynolds number of 1 x 10 , the minimum plate length is then 


Re x V 


lxlO 8 (l5.71xl0~ 6 m 2 /s 


50 m/s 



x c = 0.157 m. 

COMMENTS: Note that 

x c _ Re x,c 
L Re L 


< 


This expression may be used to quickly establish the location of transition from knowledge of 
Re x c and ReL. 



PROBLEM 6.15 


KNOWN: Transition Reynolds number. Velocity and temperature of atmospheric air, water, 
engine oil and mercury flow over a flat plate. 

FIND: Distance from leading edge at which transition occurs for each fluid. 

SCHEMATIC: 


Fla 



ASSUMPTIONS: Transition Reynolds number is Re x c =5xlO^. 


PROPERTIES: For the fluids at T = 300K; 


Fluid 

Table 

v(m /s) 

-6 

Air (1 atm) 

A-4 

15.89 x 10 

-6 

Water 

A-6 

0.858 x 10 
-6 

Engine Oil 

A-5 

550 x 10 

-6 

Mercury 

A-5 

0.113 x 10 


ANALYSIS: The point of transition is 


x 


c 


= Re 


x,c 



5xl0 5 
1 m/s 


v. 


Substituting appropriate viscosities, find 


Fluid x c (m) < 

Air 7.95 

Water 0.43 

Oil 275 

Mercury 0.06 

COMMENTS: Due to the effect which viscous forces have on attenuating the instabilities 
which bring about transition, the distance required to achieve transition increases with 
increasing v. 



PROBLEM 6.16 


KNOWN: Two-dimensional flow conditions for which v = 0 and T = T(y). 

FIND: (a) Verify that u = u(y), (b) Derive the x-momentum equation, (c) Derive the energy equation. 


SCHEMATIC: 



v *if dY 

P' r r^i 

1 ^ r» —SflrA/ 1 ^— ■, _ , 


. k fr£y(-^ d y 

1 T)U-b&<Jx 

?«-►!— 

dx 

8 pa(e+a z /2)+ 

—► d£.xfpu(e+i&2.)]cb 

^5 P | l 

jiu(e+u z /2)-t\ 

r 

Tu± 

t-kdTfey 

Pressure & shear forces 

Energy fluxes 


ASSUMPTIONS: (1) Steady-state conditions, (2) Incompressible fluid with constant properties, (3) 
Negligible body forces, (4) v = 0, (5) T = T(y) or 3T/3x = 0, (6) Thermal energy generation occurs 
only by viscous dissipation. 

ANALYSIS: (a) From the mass continuity equation, it follows from the prescribed conditions that 
du/dx = 0. Hence u = u(y). 


(b) From Newton’s second law of motion, ZF X = (Rate of increase of fluid momentum) x , 

= j(p u)uH-[(p u)u]dx|dy • 1 — (p u)udyl 

l <9 x J 


" 

<9 p 

' 


<9 T 

1 r 

p- 

p -I-dx 

d X 

dy -1 + 

-T + 

r -I - dy 

L d y J. 

dx • 1 = j i 


Hence, with T = jd{d u/r) y), it follows that 
dp d T d r/ 

L( P u ) u j=° 


-+- 


d x d y d x 


<dp d Z u 

■=n 


2 ' 


(c) From the conservation of energy requirement and the prescribed conditions, it follows that 
Ein — E out = 0, or 


pu + p u 


|e + u 2 /2^ 


dy-1 + 


, d T d (lu) 

-k—— + tu + —f--dy 


d y 


d y 


dx-1 


f <9 , , / 2 \ <9 

1 2 \ 


<9 T <9 

<9 T" 


i pu H -pu dx+pu e + u / 2 +- 

p u(e + u /2) 

dx ' dy■ 1 - 

r u-k- 1 - 

-k- — 

dy 

l <9 x ' ' d x 

V / 


<9 y <9 y 

<9 y 



dx ■ 1 = 0 


d (t u) d , , d 

—-— (pu) 


d y d x 


d x 


/ 2 

<d 

" o> t" 

p u e + u^/2 

+- 

k 

_ V /_ 

(d y 

1 

1_ 


= 0 


d u d X d p (d“T 
T-— + u —-u + k-— = 0. 


d y d y 


d y" 


Noting that the second and third terms cancel from the momentum equation, 



PROBLEM 6.17 

KNOWN: Oil properties, journal and bearing temperatures, and journal speed for a lightly 
loaded journal bearing. 

FIND: Maximum oil temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Incompressible fluid with constant 
properties, (3) Clearance is much less than journal radius and flow is Couette. 

ANALYSIS: The temperature distribution corresponds to the result obtained in the text 
Example on Couette flow, 




The position of maximum temperature is obtained from 

*l = 0 =m^ 

dy 2k L 
or, y = L/2. 

2 2 

The temperature is a maximum at this point since d T/dy < 0. Hence, 

r -i 2 

V=T(U2)= V l^[i-Ij = ¥ ^ 

T ma x=40°c + I0 ' 2kg/S ' m(10m/S)2 
8x0.15 W/m. K 

Tmax =40.83°C. < 


COMMENTS: Note that T max increases with increasing p and U, decreases with increasing 
k, and is independent of L. 



PROBLEM 6.18 


KNOWN: Diameter, clearance, rotational speed and fluid properties of a lightly loaded journal 
bearing. Temperature of bearing. 

FIND: (a) Temperature distribution in the fluid, (b) Rate of heat transfer from bearing and operating 
power. 

SCHEMATIC: 


:Bearing 
‘Journal 



Journal —^1 



^ u(y)- U(y/l) 


—Bearing 

] T 0 =75°C 


ASSUMPTIONS: (1) Steady-state conditions, (2) Incompressible fluid with constant properties, (3) 
Couette flow. 

PROPERTIES: Oil (Given): p = 800 kg/m 3 , v = 10 _5 m 2 /s, k = 0.13 W/m-K; u = p V = 8 x 10" 3 
kg/s-m. 

ANALYSIS: (a) For Couette flow, the velocity distribution is linear, u(y) = U(y/L), and the energy 
equation and general form of the temperature distribution are 


d 2 T 

V 


■=~n 


"du" 

2 

-fl 

- u" 

2 

T = -A 

"U" 

_dy _ 



L 

2k 

L 


y 2 +^-y + C 2 . 

k 


Considering the boundary conditions dT/dy)y = p = 0 and T(0) = Tq, find C 2 = Tq and C | = ulJ /L. 
Hence, 

n2" 


T = Tq + |^U 2 j/k (y/L)-l/2(y/L) 2 


(b) Applying Fourier’s law at y = 0, the rate of heat transfer per unit length to the bearing is 


, , . dT 

q =-k(?r D)— 
dy 


u\J- 


y=o 


= -(lD) ^ = -^7 Tx75x 10 3 mj- 


3 \8xl0 3 kg/s • m (14.14 m/s )“ 


0.25x10 3 m 


= -1507.5 W/rn 


where the velocity is determined as 

U = (D/2)eo = 0.0375mx3600 rev/min {2n rad/rev)/(60 s/min) = 14.14 m/s. 

The journal power requirement is 

p/ = F (V=L) U=T s(y=L) ^ D U 

P' = 452.5kg/s 2 ■ m (;rx75xl0' 3 m)l4.14m/s = 1507.5kg-m/s 3 =1507.5W/m < 

where the shear stress at y = L is 


U 


T s(y=L) = ^(<? u/d y) y=L =/ly = Sxl0 3 kg/s-m 


L 


14.14 m/s 


0.25 xlO' 3 


m 


= 452.5 kg/s z -m. 


COMMENTS: Note that q = P\ which is consistent with the energy conservation requirement. 



PROBLEM 6.19 


KNOWN: Conditions associated with the Couette flow of air or water. 


FIND: (a) Force and power requirements per unit surface area, (b) Viscous dissipation, (c) Maximum 
fluid temperature. 


SCHEMATIC: 

L -Swin 
a =U(y/L) 



—► a-Li -ZOOm/s 

Air or water 

u-0 T l =T 0 --Z7°C 


ASSUMPTIONS: (1) Fully-developed Couette flow, (2) Incompressible fluid with constant 
properties. 

PROPERTIES: Table A-4 , Air (300K): p = 184.6 x 10" 7 N-s/m 2 , k = 26.3 x 10" 3 W/m-K; Table A-6, 
Water (300K): p = 855 x 10" 6 N-s/m 2 , k = 0.613 W/m-K. 

ANALYSIS: (a) The force per unit area is associated with the shear stress. Hence, with the linear 
velocity profile for Couette flow, T = [4 (du/dy) = fl (U/L). 


Air: 


Water: 


T air =184.6xl0~ 7 N ■ s/m 2 x 200 ^ = 0.738 N/m 2 
air 0.005 m 

Twater = 855xl0~ 6 N ■ s/m 2 x 2Q ° — = 34.2 N/m 2 . 

0.005 m 


With the required power given by P/A = T • U, 

Air: ( P/A )air = (°' 738 N/m2 ) 200 ^ = 147 - 6 W/m2 

= (34.2 N/m 2 ) 


Water: 


(P/A) 


water 


2 N/m 2 h00 m/s = 6840 W/m 2 . 


2 2 

(b) The viscous dissipation is /!<$> = jl (du/dy) = J u(U/L)"'. Hence, 


Air: 


Water: 


. =184.6xl0~ 7 ^ 

y air 2 


(/><*>) 


water 


= 855x10 


m 

-6 N-s 


m 


200 m/s 
0.005 m 

200 m/s 
0.005 m 


= 2.95xl0 4 W/m 3 


i2 


= 1.37xl0 6 W/m 3 . 


(c) From the solution to Part 4 of the text Example, the location of the maximum temperature 

2 

corresponds to y max = L/2. Hence, T max = Tq + juU /8k and 
Air: 


, x o 184.6xl0" 7 N-s/m 2 (200 m/sV 
(W L r = 27°C +---T- = 30 .5 U C 


8x0.0263 W/m -K 


Water: 


(Tmax) 


0 855xl0' 6 N -s/m 2 (200 m/s) 2 

t = 27 C +-4-— = 34.0 C. 

water 8x0.613 W/m-K 


COMMENTS: (1) The viscous dissipation associated with the entire fluid layer, H<t> (LA), must 
equal the power, P. (2) Although (^) water » (^ c I 3 ) air ^ k W ater » k air • Hence, 


Tmax,water ~ T ma x,air- 



PROBLEM 6.20 


KNOWN: Velocity and temperature difference of plates maintaining Couette flow. Mean 
temperature of air, water or oil between the plates. 

FIND: (a) Pr-Ec product for each fluid, (b) Pr-Ec product for air with plate at sonic velocity. 

SCHEMATIC: 

£ U--lOm/s or c 

Tq-T l = 25°C Air] engine oil t 7 = 300K 

\ wmmmmmmmmm 

ASSUMPTIONS: (1) Steady-state conditions, (2) Couette flow, (3) Air is at 1 atm. 


PROPERTIES: Table A-4, Air (300K, latm), c p = 1007 J/kg-K, Pr = 0.707, y= 1.4, R= 
287.02 J/kg-K; Table A-6, Water (300K): c p = 4179 J/kg-K, Pr = 5.83; Table A-5 , Engine oil 
(300K), c p = 1909 J/kg-K, Pr = 6400. 

ANALYSIS: The product of the Prandtl and Eckert numbers is dimensionless, 


Pr-Ec = Pr 


U" 




2 , 2 
m / s 




2 , 2 
m / s 


CpAT (J/kg-K)K |kg-m 2 /s 2 j/kg 
Substituting numerical values, find 


Air 

Pr-Ec 0.0028 

(b) For an ideal gas, the speed of sound is 
\l/2 


Water 

0.0056 


c = (y RT) 1 


Oil 

13.41 


where R, the gas constant for air, is R u /M = 8.315 kJ/kmol-K/(28.97 kg/kmol) = 287.02 
J/kg-K. Hence, at 300K for air, 

U = c = (1.4x287.02 J/kg ■ Kx300K) 1/2 = 347.2 m/s. 

For sonic velocities, it follows that 

(347.2 m/s) 2 

Pr-Ec = 0.707—----= 3.38. < 

1007J/kg ■ Kx25K 

COMMENTS: From the above results it follows that viscous dissipation effects must be 
considered in the high speed flow of gases and in oil flows at moderate speeds. For Pr-Ec to 
be less than 0.1 in air with AT = 25°C, U should be < 60 m/s. 


PROBLEM 6.21 


KNOWN: Couette flow with moving plate isothermal and stationary plate insulated. 
FIND: Temperature of stationary plate and heat flux at the moving plate. 

SCHEMATIC: 


L — 

y 
o 


j^L 


1 


p u(y) = U(y/L) 


U 


77777777777777777777777777777777 

ASSUMPTIONS: (1) Steady-state conditions, (2) Incompressible fluid with constant properties, (3) 
Couette flow. 

ANALYSIS: The energy equation is given by 

i2 


0 = k 


o» 2 T 

dy 2 


+ fi 


d u 
d y 


Integrating twice find the general form of the temperature distribution, 

i2 

y + Ci 


d 2 T 


d y 


±L 

- u" 

2 d T _ ji 

'U‘ 

k 

L 

d y k 

L 


u 

L 


i2 


y z +C iy + C 2 . 


Consider the boundary conditions to evaluate the constants, 


d T Id y 


y=0 = 0 -> C 1= 0 and T(L) = T L -> C 2 =T L +^U 2 . 


Hence, the temperature distribution is 

T (y)= T L + 


1 

(N 

i_ 


1- 

V 

2“ 

2k 


L 



The temperature of the lower plate (y = 0) is 

t 2 


t(o) = t l + 


11 U" 
2k 


The heat flux to the upper plate (y = L) is 


q" (L) = -k 


d T 


d y 


y=L- 


iiir 

L 


COMMENTS: The heat flux at the top surface may also be obtained by integrating the viscous 
dissipation over the fluid layer height. For a control volume about a unit area of the fluid layer, 

i2 


Th — Th 

^g — ^out 


C" 


d u 
d y 


dy = q'(L) q"(L): 


VAT 

L 



PROBLEM 6.22 


KNOWN: Couette flow with heat transfer. Lower (insulated) plate moves with speed U and upper plate 
is stationary with prescribed thermal conductivity and thickness. Outer surface of upper plate maintained 
at constant temperature, T sp = 40°C. 

FIND: (a) On T-y coordinates, sketch the temperature distribution in the oil and the stationary plate, and 
(b) An expression for the temperature at the lower surface of the oil film, T(0) = T 0 , in terms of the plate 
speed U, the stationary plate parameters (T sp , k sp , L sp ) and the oil parameters (p, ko, L 0 ). Determine this 
temperature for the prescribed conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed Couette flow and (3) Incompressible 
fluid with constant properties. 

ANALYSIS: (a) The temperature distribution is shown above with these key features: linear in plate, 
parabolic in oil film, discontinuity at plate-oil interface, and zero gradient at lower plate surface. 


(b) From Example 6.4, the general solution to the conservation equations for the temperature distribution 
in the oil film is 


To(y) = -Ay 2 +C 3 y + C4 


where 



and the boundary conditions are, 


At y = 0, insulated boundary 



At y = L 0 , heat fluxes in oil and plate are equal, 


C 3 = 0 

% (L 0 ) = c lsp (Lq) 



Continued... 






PROBLEM 6.22 (Cont.) 


d]o 

dy 


T 0 (Lo)-T f 


sp 


;y=L c 


R 


sp 


dTo 

dy 


= -2AL r 


Jy=L 


Rsp _ L S p /k S p 


t 0 (l) = -al 2 0 +c 4 


C4 — T S p + AL 0 


1 + 2 


k o L sp 
k o k sp 


Hence, the temperature distribution at the lower surface is 

T o (0) = -A 0 + C 4 


To (0) _ T S p + 


A 

2k n 


ir 


1 + 2 


Lsp 

k o k sp 


Substituting numerical values, find 


x (n\ 0.799 N s/m z , . .2 

T n (0) = 40 Ch --(5m/s) 

ov ' 2x0.145 W/m ■ K v ' ’ 


, 0.145 3 

1 + 2-x — 

5 1.5 


:116.9°C 


COMMENTS: (1) Give a physical explanation about why the maximum temperature occurs at the 
lower surface. 

(2) Sketch the temperature distribution if the upper plate moved with a speed U while the lower plate is 
stationary and all other conditions remain the same. 



PROBLEM 6.23 


KNOWN: Shaft of diameter 100 mm rotating at 9000 rpm in a journal bearing of 70 mm length. 
Uniform gap of 1 mm separates the shaft and bearing filled with lubricant. Outer surface of bearing is 
water-cooled and maintained at T wc = 30°C. 


3 r* 

FIND: (a) Viscous dissipation in the lubricant, u<F(W/m ), (b) Heat transfer rate from the lubricant, 
assuming no heat lost through the shaft, and (c) Temperatures of the bearing and shaft, T b and T s . 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed Couette flow, (3) Incompressible 
fluid with constant properties, and (4) Negligible heat lost through the shaft. 


ANALYSIS: (a) The viscous dissipation, p<F, Eq. 6.40, for Couette flow from Example 6.4, is 

\2 

rln I MIT / tI 47 I m/s 


"du/ 

z 

f in 

2 / 2 

"47.1 m/s ^ 


= A* 


= 0.03N-s/ nr 

UyJ 



1 

0.001m 

^ / 


6.656xl0 7 w/m 3 


where the velocity distribution is linear and the tangential velocity of the shaft is 
U =ttDN = Tr(0.100m)x9000rpmx(min/60s) = 47.1m/s. 

(b) The heat transfer rate from the lubricant volume V through the bearing is 

q = /i<4> • V = ^(nDL ■£) = 6.65 xlO 7 w/ m 3 (x x 0.100mx 0.001 mx0.070m) = 1462 W < 
where 1-70 mm is the length of the bearing normal to the page. 


Continued... 




PROBLEM 6.23 (Cont.) 


(c) From Fourier’s law, the heat rate through the bearing material of inner and outer diameters, D; and D 0 
and thermal conductivity k b is, from Eq. (3.27), 


q r =- 


2tt f kf-, (T)-, T wc ) 
ln(D 0 /Di) 

q r ln(D 0 /Di) 


Tb _ T wc + 


T b =30°C + 


2jr^k b 

1462 Win (200/100) 

2ff x 0.070 mx 45 W/m-K 


= 81.2°C 


To determine the temperature of the shaft, T(0) = T s , first the temperature distribution must be found 
beginning with the general solution, Example 6.4, 






V L 7 


y z +C 3 y + C 4 


The boundary conditions are, at y = 0, the surface is adiabatic 


dT 

¥ 


C 3 =0 


7y=0 


and at y = L, the temperature is that of the bearing, T b 


T(L) = T b =-^- 
v ’ 2k 


6U3 2 


V L / 


L z +0 + C 4 


Hence, the temperature distribution is 


T (y) = T b+// u ' 


2 / 


If 


C 4 =T b + —U 2 
2k 


and the temperature at the shaft, y = 0, is 


H tt 2 o , ,o n . 0.03N s/ m / ^ 1 _. / _ x 2 


T s =T(0) = T b + —U z = 81.3°C + 
s w D 2k 2x0.15 W/m- K 


(47.1 m/s ) z =303°C 


< 



PROBLEM 6.24 


KNOWN: Couette flow with heat transfer. 


FIND: (a) Dimensionless form of temperature distribution, (b) Conditions for which top plate is 
adiabatic, (c) Expression for heat transfer to lower plate when top plate is adiabatic. 


SCHEMATIC: 


y 
l [■ 


■Nj-Nj-Nj-Nj-*--* * A j NjNjNjN,NjNj Ai j i Y 

FliiiH ‘** M **' M ±*' M **' M **' M **' M ±*' M ' L 


-►u 


-Stationary plate 


ASSUMPTIONS: (1) Steady-state conditions, (2) incompressible fluid with constant properties, (3) 
Negligible body forces, (4) Couette flow. 

ANALYSIS: (a) From Example 6.4, the temperature distribution is 

y 


T = To + — U 2 
u 2k 



/ „ \ 

2" 


y 


L 

l L J 



+ (Tl-t 0 )^ 


nu z 


T-Tp __ 

T L -T 0 2k(T L -T 0 ) 


L 


/ \2 

z 

v L y 


L 


or, with 


e s (T-T 0 )/T L -T 0 , I) = y/L, 
Prscp/j/k, EcsU 2 /c p (T L -T 0 ) 


_ Pr - Ec / 2 \ 

o = ——(v-v)+v=v 


l + ^-Pr-Ec(l-77) 


(b) For there to be zero heat transfer at the top plate, dT/dy) y=L = 0. Hence, 


d0 

dri 


Jn=i 


Tt -To Pr-Ec,. si Pr-Ec 

L (l-2'?)L 1 + l =- ~ — + 1 = 0 


L 2 v 

There is no heat transfer at the top plate if, 
Ec-Pr = 2. 


(c) The heat transfer rate to the lower plate (per unit area) is 

(T L -To)de| 


„ . dT 

qo = - k -7- 

dy 


: —k - 


y=0 


L 


d77 


77=0 


* Tl - Tq 

q Q =-k——- 


E 


- _ V T L- T 0 


PrEc, ,1 
2 r, \=0 + 


q 0 =-k 


L 


Pr- Ec 


+ 1 


= -2k(T L -T 0 )/L 


(D< 


( 2 ) < 


< 

Continued. 



PROBLEM 6.24 (Cont.) 


(d) Using Eq. (1), the dimensionless temperature distribution is plotted as a function of dimensionless 
distance, T| = y/L. When Pr-Ec = 0, there is no dissipation and the temperature distribution is linear, so 
that heat transfer is by conduction only. As Pr Ec increases, viscous dissipation becomes more 
important. When Pr-Ec = 2, heat transfer to the upper plate is zero. When Pr-Ec > 2, the heat rate is out 
of the oil film at both surfaces. 



Pr*Ec = 0, conduction 
Pr*Ec = 1 

Pr*Ec = 2, adiabatic at y=L 
Pr*Ec = 4 




PROBLEM 6.25 


KNOWN: Steady, incompressible, laminar flow between infinite parallel plates at different 
temperatures. 


FIND: (a) Form of continuity equation, (b) Form of momentum equations and velocity profile. 
Relationship of pressure gradient to maximum velocity, (c) Form of energy equation and temperature 
distribution. Heat flux at top surface. 

SCHEMATIC: 



ASSUMPTIONS: (1) Two-dimensional flow (no variations in z) between infinite, parallel plates, (2) 
Negligible body forces, (3) No internal energy generation, (4) Incompressible fluid with constant 
properties. 


ANALYSIS: (a) For two-dimensional, steady conditions, the continuity equation is 
d(pu) | ^(pv) =Q 
d x d y 

Hence, for an incompressible fluid (constant p) in parallel flow (v = 0), 


The flow is fully developed in the sense that, irrespective of y, u is independent of x. 

(b) With the above result and the prescribed conditions, the momentum equations reduce to 


0 = - 


d P 
d x 


+ jl 


d 2 


0 = - 


d P 
d y 


< 


< 


Since p is independent of y, 3p/3x = dp/dx is independent of y and 

d 2 u d 2 u dp 

A*-T = ^^ = V 1 - 

d y dy 2 dx 


Since the left-hand side can, at most, depend only on y and the right-hand side is independent of y, 
both sides must equal the same constant C. That is, 


n 



= c. 


Hence, the velocity distribution has the form 
U ( y ) = ^ y2 + Ciy + C2 - 

Using the boundary conditions to evaluate the constants, 

u(0) = 0 -» C 2 =0 and u(L) = 0 -> Ci=-CU2fi. 


Continued 




PROBLEM 6.25 (Cont.) 

C 


The velocity profile is u (y) = — | y 2 — Ly j 


2 M 

The profile is symmetric about the midplane, in which case the maximum velocity exists at y = L/2. 
Hence, 

2 


C 

u (L/2) = u max = — 


L 

~4 


or 


u 


max 


L? dp 
8ju dx 


(c) For fully developed thermal conditions, (3T/3x) = 0 and temperature depends only on y. Hence 
with v = 0, 3u/3x = 0, and the prescribed assumptions, the energy equation becomes 

i2 


d x 

With i = e + p/p, 


d i ,d 2 T 
p u —— = k 


dy 


dp 

„ +U — +U 

2 dx ^ 


du 

¥ 


d i d e 1 dp 

- -H— — where 


d x d x p dx 
Hence, the energy equation becomes 


0 = k 


d 2 T 

dy 2 


d e 3 e 3 T 3 e 3 p 
3 x 3 T 3 x 3 p 3 x 
2 

, du I 

+ p\ 


dy 


With du/dy = (C/2p) (2y - L), it follows that 
C -(4y 2 -4Ly + L 2 ). 


d 2 T 


dy 2 4kpt 
Integrating twice, 

C 2 

T (y) = -— 

K J 4k p 


y 4 2Ly 3 | L 2 y 2 
3 3 2 


+ C 3 y + C 4 


Using the boundary conditions to evaluate the constants, 

T(0) = T 2 -> C 4 =T 2 and T(L) = Tj 

Hence, T (y) = T 2 + 

From Fourier’s law, 


—> 


„ c 2 l 3 (t,-t 2 ) 
c 3 =^—+- 


24k p 


L 


1 

C 2 

(Ti—T 2 ) — 

y 4 2Ly 3 | L 2 y 2 L 3 y 

L 

V 1 4k p 

3 3 2 6 


q // (L) = -k 


d T 


d y 


y-L 


T< T2 - t * )+ TZ 


-L 3 -2L 3 +L 3 - — 


k r 2 i 3 

q // (L) = -(T 2 -T 1 ) +—. < 

y ’ L V 2 u 24 p 

COMMENTS: The third and second terms on the right-hand sides of the temperature distribution 
and heat flux, respectively, represents the effects of viscous dissipation. If C is large (due to large p 

or u max ), viscous dissipation is significant. If C is small, conduction effects dominate. 



PROBLEM 6.26 


KNOWN: Pressure independence of p, k and c p . 

FIND: Pressure dependence of v and a for air at 350K and p = 1, 10 atm. 

ASSUMPTIONS: Perfect gas behavior for air. 

PROPERTIES: Table A-4, Air (350K, 1 atm): v = 20.92 x 10" 6 m7s, a = 29.9 x 10~ 6 m7s. 
ANALYSIS: The kinematic viscosity and thermal diffusivity are, respectively, 

v =p/p a = k/p Cp. 

Hence, v and a are inversely proportional to p. 

For an incompressible liquid, p is constant. 


Hence v and a are independent of pressure. < 

For a perfect gas, p = p/RT. 

Hence, p is directly proportional to p, in which case V and a vary inversely with 

pressure. It follows that v and a are inversely proportional to pressure. < 

To calculate v or a for a perfect gas at p ^ 1 atm, 

v (p) =V (1 atm) — 
a (p) =a (l atm) ■ — 

Hence, for air at 350K, 


p(atm) 

V(m7s) 

-6 

a(m 2 /s) 

1 

20.92 x 10 

-6 

29.9 x 10 

10 

2.09 x 10 

2.99 x 10 


COMMENTS: For the incompressible liquid and the perfect gas, Pr = via is independent of 
pressure. 



PROBLEM 6.27 


KNOWN: Characteristic length, surface temperature and average heat flux for an object 
placed in an airstream of prescribed temperature and velocity. 

FIND: Average convection coefficient if characteristic length of object is increased by a 
factor of five and air velocity is decreased by a factor of five. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties. 

ANALYSIS: For a particular geometry, 

N^ l =f(Re L ,Pr). 

The Reynolds numbers for each case are 

VtLt (l00m/s)lm 100m 2 /s 

Case!: Rey i = =-=- 

Vy Vy Vy 

_ „ VoLo (20m/s)5m 100m 2 /s 

Case 2: Re L2 =^-^- = ----=-. 

y 2 V 2 V 2 


Hence, with vy = v 2 , Re^y = ReL 2 . Since Pry = Pr 2 , it follows that 
Nu L, 2 = Nu L,f 

Hence, 

h2L 2 /k 2 =hyLy/ky 

h2 = hy^- = 0.2hy. 

L 2 

For Case 1 , using the rate equation, the convection coefficient is 


qi=h 1 Ay(T s -T 00 ) 1 
^ (qi /A i) _ q[ 

1 (T s - T^ )y (T s - Too )y 


20,000 W/m 2 
(400-300) K 


= 200 W/m 2 


■K. 


Hence, it follows that for Case 2 


h 2 = 0.2 x 200 W/m 2 ■ K = 40 W/m 2 ■ K. 


< 


COMMENTS: If ReL ^ were not equal to Rey^ y, it would be necessary to know the specific 
form of f(ReL, Pr) before I 12 could be determined. 



PROBLEM 6.28 


KNOWN: Heat transfer rate from a turbine blade for prescribed operating conditions. 
FIND: Heat transfer rate from a larger blade operating under different conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Surface area A is 
directly proportional to characteristic length L, (4) Negligible radiation, (5) Blade shapes are 
geometrically similar. 

ANALYSIS: For a prescribed geometry, 


Nu = 


hL 

~k 


f(Re L ,Pr). 


The Reynolds numbers for the blades are 

Re L ,i=(ViLi/v) = 15/v Re L , 2 = (V 2 L 2 /v) = 15/v. 


Hence, with constant properties. Rep i = Rep 2- Also, Pi | = Pi '2 - Therefore, 


Nu 9 = Nu 1 
(h 2 L 2 /k)=(h 1 L,/k) 


h 2 = 



L i qi 

L 2 Aj (T s J — Too) 


Hence, the heat rate for the second blade is 


q2=h 2 A 2 (T s , 2 -T«,) = iL ^2 

L 2 A 1 (T s i — Too ) 

T s ,2-Too (400-35) ( 

——qi= 74^ ^ ( 15QQW ) 


l s,l 


(300-35) 


q 2 = 2066 W. < 

COMMENTS: The slight variation of v from Case 1 to Case 2 would cause Rep^ t0 differ 

from Rep p However, for the prescribed conditions, this non-constant property effect is 
small. 



PROBLEM 6.29 


KNOWN: Experimental measurements of the heat transfer coefficient for a square bar in 
cross flow. 

FIND: (a) h for the condition when L = lm and V = 15m/s, (b) h for the condition when L 
= lm and V = 30m/s, (c) Effect of defining a side as the characteristic length. 

SCHEMATIC: 




L = 0.5m Results 

\J,--ZOm/s h^SOW/m^K 

M^15m/s h z :40W/m*-K 


ASSUMPTIONS: (1) Functional form Nu = CRe m Pr n applies with C, m, n being 
constants, (2) Constant properties. 

ANALYSIS: (a) For the experiments and the condition L = lm and V = 15m/s, it follows 
that Pr as well as C, m, and n are constants. Hence 


hL a (VL) m . 


Using the experimental results, find m. Substituting values 


h l L l _ 

" ViFj ' 

m 

50x0.5 _ 

*20x0.5 

h 2 L 2 

_V 2 L 2 _ 


40x0.5 ~ 

15x0.5 _ 


giving m = 0.782. It follows then for L = lm and V = 15m/s, 


h = tq — 
1 L 


VL 

Vr4 


m 


W °' 5 
= 50—;- X 


m 


2 K 1-0 


15x1.0 


20x0.5 


0.782 


= 34.3W/m z ■ K. 


(b) For the condition F = lm and V = 30m/s, find 

UTl 


h = tq — 

1 F 


VF 

VuLl" 


CA W 0.5 
= 50—;- X 


m 


2 K 1-0 


30x1.0 

20x0.5 


0.782 


= 59.0W/m z ■ K. 


< 


< 


(c) If the characteristic length were chosen as a side rather than the diagonal, the value of C 
would change. However, the coefficients m and n would not change. 

COMMENTS: The foregoing Nusselt number relation is used frequently in heat transfer 
analysis, providing appropriate scaling for the effects of length, velocity, and fluid properties 
on the heat transfer coefficient. 



PROBLEM 6.30 


KNOWN: Local Nusselt number correlation for flow over a roughened surface. 
FIND: Ratio of average heat transfer coefficient to local coefficient. 

SCHEMATIC: 


V 


/V Ux = 0.04 Rev 0 ' 9 Pr 1 ' 3 


Tuzmnnzn 


ANALYSIS: The local convection coefficient is obtained from the prescribed correlation, 
h Y = Nu y — = 0.04 — Re9' 9 Pr 1/3 


h x = 0.04 k 


V 

v 


0.9 0.9 

Pr 1 ^ — -= Cl x" 0 ' 1 . 


To determine the average heat transfer coefficient for the length zero to x, 


- 0.1 


h x =-i h x dx =-Ql n x ' U ' ldx 
x 0 x 0 

h x =—^— = 1.11 Cl x- 01 . 


X 0.9 

Hence, the ratio of the average to local coefficient is 
h x _1.11C 1 x- Q1 


!x Q x 


- 0.1 


= 1 . 11 . 


COMMENTS: Note that Nu /Nu x is also equal to 1.11. Note, however, that 


1 f x 



PROBLEM 6.31 


KNOWN: Freestream velocity and average convection heat transfer associated with fluid 
flow over a surface of prescribed characteristic length. 

FIND: Values of Nu L .Rep, Pr,j H for (a) air, (b) engine oil, (c) mercury, (d) water. 

SCHEMATIC: 


h =100W/m*K 

T-300K 


PROPERTIES: For the fluids at 300K: 





2 


2 


Fluid 

Table 

v(m /s) 

k(W/m-K) 

a(m /s) 

Pr 



-6 


-7 


Air 

A.4 

15.89 x 10 

0.0263 

22.5 x 10 

0.71 



-6 


-7 


Engine Oil 

A.5 

550 x 10 

0.145 

0.859 x 10 

6400 



-6 


-7 


Mercury 

A.5 

0.113x10 

8.54 

45.30 x 10 

0.025 



-6 


-7 


Water 

A.6 

0.858 x 10 

0.613 

1.47 x 10 

5.83 

ANALYSIS: The appropriate relations required are 



— hL 


VL v 




Nu L =- 

Re L = 

- Pr = — j H 

= StPr z/J 

St= L 


L k 


v a 


Rep Pr 


Fluid 

n^ l 

Re L 

Pr 

JH 

< 


Air 

3802 

6.29 x 

Engine Oil 

690 

1.82 x 

Mercury 

11.7 

8.85 x 

Water 

163 

1.17 x 


io 4 

0.71 

0.068 

io 3 

6403 

0.0204 

io 6 

0.025 

4.52 x 10" 6 

io 6 

5.84 

7.74 x 10~ 5 


COMMENTS: Note the wide range of Pr associated with the fluids. 



PROBLEM 6.32 


KNOWN: Variation of h x with x for flow over a flat plate. 

FIND: Ratio of average Nusselt number for the entire plate to the local Nusselt number at x 
L. 

SCHEMATIC: 



Thermal boundary layer t 
h x - Cx where 

C is a constarrt 


ANALYSIS: The expressions for the local and average Nusselt numbers are 
h L L 

Nut =— 

_k 

— h L L 
Nu, =—— 


( CL - 1/2 ) L cl 1/2 


where 


h L = -J L h x dx = -| L x' 1/2 dx = —L 1/2 = 2 CL' 1/2 . 
L L 0 x L 0 L 


Hence, 


— 2 CL' 1/2 (L) 2CL 1/2 
Nu r =-^ =- 


and 


Nu l 

Nu l 


2 . 


COMMENTS: Note the manner in which Nu L is defined in terms of hL. Also note that 


PROBLEM 6.33 


KNOWN: Laminar boundary layer flow of air at 20°C and 1 atm having t) t = 1.13 8. 
FIND: Ratio 8 / <5 t when fluid is ethylene glycol for same conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Laminar flow. 

PROPERTIES: Table A-4, Air (293 K, 1 atm): Pr = 0.709; Table A-5, Ethyleneglycol 
(293K): Pr = 211. 

ANALYSIS: The Prandtl number strongly influences relative growth of the velocity, 8 , and 
thermal, <5 t , boundary layers. For laminar flow, the approximate relationship is given by 


Pr 


n 


8 _ 

St 


where n is a positive coefficient. Substituting the values for air 


(0.709 ) n 


1 

TT3 


find that n = 0.355. Hence, for ethylene glycol it follows that 


A = p r °-355 =211 0.355 
St 


6.69. 


< 


COMMENTS: (1) For laminar flow, generally we find n = 0.33. In which case, <5 / <5 t = 5.85. 


(2) Recognize the physical importance of v > a, which gives large values of the Prandtl 
number, and causes 8 >8 t . 



PROBLEM 6.34 


KNOWN: Air, water, engine oil or mercury at 300K in laminar, parallel flow over a flat plate. 
FIND: Sketch of velocity and thermal boundary layer thickness. 

ASSUMPTIONS: (1) Laminar flow. 

PROPERTIES: For the fluids at 300K: 

Fluid Table Pr 


Air 

A.4 

0.71 

Water 

A.6 

5.83 

Engine Oil 

A.5 

6400 

Mercury 

A.5 

0.025 


ANALYSIS: For laminar, boundary layer flow over a flat plate. 



where n > 0. Hence, the boundary layers appear as shown below. 


Air: 


Water: 


Engine Oil: 



Mercury: 




\ i i / i 


- & 

ill 1 


COMMENTS: Although Pr strongly influences relative boundary layer development in laminar 
flow, its influence is weak for turbulent flow. 




PROBLEM 6.35 


KNOWN: Expression for the local heat transfer coefficient of air at prescribed velocity and 
temperature flowing over electronic elements on a circuit board and heat dissipation rate for a 4 x 4 
mm chip located 120mm from the leading edge. 


FIND: Surface temperature of the chip surface, T s . 

SCHEMATIC: 


->1^=ZS°C 

V=10m/s 




A 



1 


Appropriate correlation-. 
Nu x ^0.04-Re x 0a5 Pr 1/3 


U- - Chip 

NNWNil —Board 

L =lZ.O mm 




£ 


E 9 ^5Q m W | 


cony 

i 


ASSUMPTIONS: (1) Steady-state conditions, (2) Power dissipated within chip is lost by convection 
across the upper surface only, (3) Chip surface is isothermal, (4) The average heat transfer coefficient 
for the chip surface is equivalent to the local value at x = L. 

PROPERTIES: Table A-4 , Air (assume T s = 45°C, T f = (45 + 25)/2 = 35°C = 308K, latm): v = 

AO O 

16.69 x 10" m /s, k = 26.9 x 10 W/m-K, Pr = 0.703. 


ANALYSIS: From an energy balance on the chip (see above), 
Oconv = Eg = 30W. 

Newton’s law of cooling for the upper chip surface can be written as 
T s = Too + Oconv ^ h ^chip 


( 1 ) 


( 2 ) 


where A c pjp = / 2 . Assume that the average heat transfer coefficient (It) over the chip surface is 
equivalent to the local coefficient evaluated at x = L. That is, h c p,jp ~ h x (L) where the local 

coefficient can be evaluated from the special correlation for this situation, 

nO.85 


Nu Y =^ = 0.04 


Vx 


Pr 


1/3 


and substituting numerical values with x = L, find 

nO.85 


= 0.04- 

L 


h x =0.04 


VL 


Pr 


1/3 


"0.0269 W/m-K" 


10 m/sx0.120 m 

0.120 m 


_16.69xl0' 6 m 2 /s_ 


nO.85 


(0.703) 


,1/3 


: 107 W/m z ■ K. 


The surface temperature of the chip is from Eq. (2), 

T s = 25°C + 30xl0" 3 W/107W/m 2 Kx(0.004m) 2 =42.5°C. < 

COMMENTS: (1) Note that the estimated value for Tf used to evaluate the air properties was 
reasonable. (2) Alternatively, we could have evaluated h c j 1 jp by performing the integration of the 
local value, h(x). 





PROBLEM 6.36 


KNOWN: Location and dimensions of computer chip on a circuit board. Form of the convection 
correlation. Maximum allowable chip temperature and surface emissivity. Temperature of cooling air 
and suiToundings. 

FIND: Effect of air velocity on maximum power dissipation, first without and then with consideration of 
radiation effects. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Negligible temperature variations in chip, (3) Heat transfer 
exclusively from the top surface of the chip, (4) The local heat transfer coefficient at x = L provides a 
good approximation to the average heat transfer coefficient for the chip surface. 


PROPERTIES: Table A.4, air (T = (T^ +T c )/2 =328 K): v = 18.71 X 10 6 m 2 /s, k = 0.0284 W/m K, 
Pr = 0.703. 

ANALYSIS: Performing an energy balance for a control surface about the chip, we obtain P c = q conv + 
q rad , where q conv = hA s (T c - ), q rad = h r A s (T c - T sur ), and h r = eo (T c + T sur ) (t 2 + T s 2 ur ). With 

h = hj^ , the convection coefficient may be determined from the correlation provided in Problem 6.35 
(Nu l = 0.04Rep 85 Pr 1/3 ). Hence, 

P c = 7 2 [o.04(k/L)Re^ 85 Pr 1/3 (T c -T 00 ) + £ ct(T c +T suj .)(t 2 +T 2 r )(T c -T sur ) 

where Re L = VL/v. Computing the right side of this expression for £ = 0 and £ = 0.85, we obtain the 
following results. 



Velocity, V(m/s) 

—*— epsilon = 0.85 
—©— epsilon = 0 

Since h L increases as V 0 ' 85 , the chip power must increase with V in the same manner. Radiation exchange 
increases P c by a fixed, but small (6 mW) amount. While h L varies from 14.5 to 223 W/mK over the 
prescribed velocity range, h r = 6.5 W/m” K is a constant, independent of V. 

COMMENTS: Alternatively, h could have been evaluated by integrating h x over the range 118 < x < 
122 mm to obtain the appropriate average. However, the value would be extremely close to h x=L . 





PROBLEM 6.37 

KNOWN: Form of Nusselt number for flow of air or a dielectric liquid over components of a circuit 
card. 

FIND: Ratios of time constants associated with intermittent heating and cooling. Fluid that provides 
faster thermal response. 

PROPERTIES: Prescribed. Air: k = 0.026 W/m-K, v = 2 x 10 5 m7s, Pr = 0.71. Dielectric liquid: k 
= 0.064 W/m-K, v = 10' 6 m 2 /s, Pr = 25. 

ANALYSIS: From Eq. 5.7, the thermal time constant is 

pVc 

T t = =— 
hA s 

Since the only variable that changes with the fluid is the convection coefficient, where 


h = — Nu t = —CRe? 1 Pr n = —C 
L L L L L 


VL 

v 


mi 


Pr 1 


the desired ratio reduces to 


c t,air(a) _ _ k^ 


x t,dielectric (d) ^a k a 


A. A m 


V V d j 


Pr d 

v'V 


A n 


T t,a 0.064 


( . 


0.026 


2x10 


_ 5f 8 


10 ' 


25 

0.71 


\0.33 


= 88.6 


Since its time constant is nearly two orders of magnitude smaller than that of the air, the dielectric liquid 
is clearly the fluid of choice. 

COMMENTS: The accelerated testing procedure suggested by this problem is commonly used to 
test the durability of electronic packages. 



PROBLEM 6.38 


KNOWN: Form of the Nusselt number correlation for forced convection and fluid properties. 

FIND: Expression for figure of merit Fp and values for air, water and a dielectric liquid. 

PROPERTIES: Prescribed. Air: k = 0.026 W/m-K, v = 1.5 x 10 5 m 2 /s, Pr = 0.70. Water: k = 
0.600 W/m-K, v = 10 6 m7s, Pr = 5.0. Dielectric liquid: k = 0.064 W/m-K, v = 10 6 m 2 /s, Pr = 25 

ANALYSIS: With Nul ~ Re™ Pi' 11 , the convection coefficient may be expressed as 


L 


VL 


\ m 


v v j 


Pr 1 


V 


m 


^kPr 11 ^ 


L 


1-m 


V 


m 


The figure of merit is therefore 


Fp 


kPr 11 


v 


m 


and for the three fluids, with m = 0.80 and n = 0.33, 


Ff( 


W -s°‘ 8 /m 2 ' 6 -K 


Air Water 


167 64,400 


Dielectric 

11,700 


< 


< 


Water is clearly the superior heat transfer fluid, while air is the least effective. 

COMMENTS: The figure of merit indicates that heat transfer is enhanced by fluids of large k, large 
Pr and small v. 



PROBLEM 6.39 


KNOWN: Ambient, interior and dewpoint temperatures. Vehicle speed and dimensions of 
windshield. Heat transfer correlation for external flow. 

FIND: Minimum value of convection coefficient needed to prevent condensation on interior surface 
of windshield. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional heat transfer, (3) Constant properties. 

PROPERTIES: Table A-3, glass: kg = 1.4 W/m-K. Prescribed, air: k = 0.023 W/m-K, v = 12.5 x 
10~ 6 m 2 /s, Pr = 0.70. 

ANALYSIS: From the prescribed thermal circuit, conservation of energy yields 
T • — T • T • — T 

A °o,l A S,1 _ A S,1 A °°,0 

l/hj ~~ t/k g + l/h G 
where h Q may be obtained from the correlation 

Nu, =^ = 0.030Re5 ) - 8 Pr 1/3 
L k L 

With V = (70 mph x 1585 m/mile)/3600 s/h = 30.8 m/s, Re D = (30.8 m/s x 0.800 m)/12.5 x 10" 6 m 2 /s 
= 1.97 x 10 6 and 

- _ 0.023 W/m-K Q 03Q L 9?x 1Q 6\ 0 8 ( 0 70 ) 1/3 = 83.1W/m 2 K 

° 0.800 m V ) y ’ 

From the energy balance, with T s ; = T^p = 10°C 

- (r s ,i - Too „)( 1 1 V 1 

(Too.i-T S)i )[k g h Q ^ 

- _ (10 + 15)°C f 0.006 m ( 1 

li_ (50-10)°C 1.4W/mK + 83 . lw/m 2. K 


hj = 38.3 W/m 2 ■ K < 

COMMENTS: The output of the fan in the automobile’s heater/defroster system must maintain a 
velocity for flow over the inner surface that is large enough to provide the foregoing value of hj. In 

addition, the output of the heater must be sufficient to maintain the prescribed value of Too,i at this 
velocity. 



PROBLEM 6.40 


KNOWN: Drag force and air flow conditions associated with a flat plate. 
FIND: Rate of heat transfer from the plate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Chilton-Colbum analogy is applicable. 

PROPERTIES: Table A-4, Air (70°C,1 atm): p = 1.018 kg/m 3 , c p = 1009 J/kg-K, Pr = 0.70, 
v = 20.22 x 10" 6 m 2 /s. 

ANALYSIS: The rate of heat transfer from the plate is 
q = 2h(L 2 ) (Ts-T*,) 


where h may be obtained from the Chilton-Colbum analogy, 


JH = Y = St Pr 2/3 


Cf _ 1 f s _ 1 
2 2 puln 2 


P Uoo C p 

(0.075 N/2)/(0.2m) 2 
1.018 kg/m 3 (40 m/s) 2 /2 


5.76xl0 -4 


Hence, 

h = P Uoo c p Pr" 2/3 

h = 5.76xl0' 4 (l.018kg/m 3 )40m/s (l009J/kg-K) (0.70)~ 2/3 
h = 30 W/m 2 ■ K. 

The heat rate is 

q = 2(30 W/m 2 k) (0.2m) 2 (120-20)° C 

q = 240 W. < 

COMMENTS: Although the flow is laminar over the entire surface (ReL = UooL/v = 40 m/s 
6 2 5 

x 0.2m/20.22 x 10 nC/s = 4.0 x 10 ), the pressure gradient is zero and the Chilton-Colburn 
analogy is applicable to average, as well as local, surface conditions. Note that the only 
contribution to the drag force is made by the surface shear stress. 





PROBLEM 6.41 

KNOWN: Air flow conditions and drag force associated with a heater of prescribed surface 
temperature and area. 

FIND: Required heater power. 

SCHEMATIC: 


Uco-lSm/s, 

Ta,=lS 0 C, 

p-1 atm 



XWWWW'kW 


A = 0.25777* 

Ts=MO°C 

-^f^ = O.ZSN 


ASSUMPTIONS: (1) Steady-state conditions, (2) Reynolds analogy is applicable, (3) 
Bottom surface is adiabatic. 

PROPERTIES: Table A-4, Air (Tf = 350K, latm): p = 0.995 kg/m 3 , c p = 1009 J/kg-K, Pr = 
0.700. 


ANALYSIS: The average 
_ _ Fp _ 0.25 N 
A 0.25 m 2 


shear stress and friction coefficient are 
= 1 N/m 2 


Cf 


1 N/m" 


pui/2 0.995 kg/m 3 (I5m/s)^ / 2 


8.93x10” 


From the Reynolds analogy, 

St=- 5 - = C 1L p r -2/3 

p UooCp 2 


Solving for h and substituting numerical values, find 

h = 0.995 kg/m 3 (I5m/s) 1009 J/kg-K |8.93xl0" 3 /2j (0.7)~ 2/3 
h = 85 W/m 2 ■ K. 

Hence, the heat rate is 

q = h A (T s -T 00 ) = 85W/m 2 -K (o.25m 2 ) (140-15)° C 


q = 2.66 kW. < 

COMMENTS: Due to bottom heat losses, which have been assumed negligible, the actual 
power requirement would exceed 2.66 kW. 



PROBLEM 6.42 


KNOWN: Heat transfer correlation associated with parallel flow over a rough flat plate. 
Velocity and temperature of air flow over the plate. 

FIND: Surface shear stress 1 m from the leading edge. 

SCHEMATIC: 



0.9 


Pr 1 * 3 


ASSUMPTIONS: (1) Modified Reynolds analogy is applicable, (2) Constant properties. 

PROPERTIES: Table A-4, Air (300K, latm): v = 15.89 x 10" 6 m 2 /s, Pr = 0.71, p = 1.16 
kg/m 3 . 

ANALYSIS: Applying the Chilton-Colburn analogy 

CUst p r 2/3 _ Nu x Pl .2/3_ 0-04Rex 9 Pr 1/3 pr 2/3 
2 x Re x Pr Re x Pr 

— = 0.04 Re x 01 
2 x 

where 

R e x 50 m/sxlm =3 15xlp 6 

v 15.89xl0' 6 m 2 /s 
Hence, the friction coefficient is 

Cf =0.08 (3.15xl0 6 ) 0,1 =0.0179 = T s /(p u 2 /2) 
and the surface shear stress is 

T s =C f (p u 2 /2j = 0.0179x1.16kg/m 3 (50 m/sf/2 

T s = 25.96 kg/m-s 2 = 25.96 N/m 2 . < 


COMMENTS: Note that turbulent flow will exist at the designated location. 



PROBLEM 6.43 


KNOWN: Nominal operating conditions of aircraft and characteristic length and average friction 
coefficient of wing. 

FIND: Average heat flux needed to maintain prescribed surface temperature of wing. 

SCHEMATIC: 



ASSUMPTIONS: (1) Applicability of modified Reynolds analogy, (2) Constant properties. 

PROPERTIES: Prescribed, Air: v = 16.3 x 10" 6 m 2 /s, k = 0.022 W/m-K, Pr = 0.72. 

ANALYSIS: The average heat flux that must be maintained over the surface of the air foil is 
cf = h (T s - To,, )■ where the average convection coefficient may be obtained from the modified 
Reynolds analogy. 


C f _o, n ..2/3_ Nu L p,2/3 _ 


—= StPr = 

2 ReL Pr 


Pr = 


Nu, 


Rep Pr 


1/3 


Hence, with Re L = VL/v = 100m/s(2m)/16.3xl0 6 m 2 Is = 1.23xl0 ? , 


— 0.0025 

Nu, =- 


(l.23xl0 7 )(0.72) 1/3 =13,780 


r k —— 0.022W/m-K,,. „ OA , 2 

h = —Nu, =-(13,780) = 152 W/trr K 

L 2m 


q' = 152 W / m 2 ■ K [5 - (-23)] °C = 4260 W / m 2 < 

COMMENTS: If the flow is turbulent over the entire airfoil, the modified Reynolds analogy 
provides a good measure of the relationship between surface friction and heat transfer. The relation 
becomes more approximate with increasing laminar boundary layer development on the surface and 
increasing values of the magnitude of the pressure gradient. 



PROBLEM 6.44 


_ i 

KNOWN: Average frictional shear stress of T s = 0.0625 N/m on upper surface of circuit board with 
densely packed integrated circuits (ICs) 

FIND: Allowable power dissipation from the upper surface of the board if the average surface 
temperature of the ICs must not exceed a rise of 25°C above ambient air temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) The modified Reynolds analogy is applicable, (3) 
Negligible heat transfer from bottom side of the circuit board, and (4) Thermophysical properties 
required for the analysis evaluated at 300 K, 

PROPERTIES: Table A-4 , Air (T f = 300 K, 1 atm): p = 1.161 kg/m 3 , c p = 1007 J/kg-K, Pr = 0.707. 

ANALYSIS: The power dissipation from the circuit board can be calculated from the convection rate 
equation assuming an excess temperature (T s - ToJ = 25°C. 

q = hA s (T s -T 00 ) (1) 

The average convection coefficient can be estimated from the Reynolds analogy and the measured 
average frictional shear stress T s . 

^ = StPr 2/3 C f =—\— St = —-— (2,3,4) 

2 p V 2 /2 P Vc p 

With V = Uoo and substituting numerical values, find h. 

T s _ h pj.2/3 
pV 2 P Vc p 


h = IC£.Pr- 2/3 
V 


h = 0.0625 N/m x 1007 J/kg-K 2/3 _ 39 7 W/m 2. K 

2 m/s 


Substituting this result into Eq. (1), the allowable power dissipation is 

q = 39.7 W /m 2 ■ Kx(0.120x0.120)m 2 x25 K = 14.3 W < 

COMMENTS: For this analyses using the modified or Chilton-Colburn analogy, we found Cf = 
0.0269 and St = 0.0170. Using the Reynolds analogy, the results are slightly different with 

h = 31.5 W / m~ K and q= 11.3 W. 





PROBLEM 6.45 


KNOWN: Evaporation rate of water from a lake. 
FIND: The convection mass transfer coefficient, h m . 

SCHEMATIC: 



ASSUMPTIONS: (1) Equilibrium at water vapor-liquid surface, (2) Isothermal conditions, 
(3) Perfect gas behavior of water vapor, (4) Air at standard atmospheric pressure. 

PROPERTIES: Table A-6, Saturated water vapor (300K): PA,sat = 0.03531 bar. Pa, sat = 
1/Vg = 0.02556 kg/m 3 . 

ANALYSIS: The convection mass transfer (evaporation) rate equation can be written in the 
form 

h =_£A_ 

m (PA,-PA.-) 

where 

P A,s = PA,sat > 

the saturation density at the temperature of the water and 
PA,°o = PPA,sat 


which follows from the definition of the relative humidity, (f> = Pa/PA, sat and perfect gas 
behavior. Hence, 


PA,sat (l P) 

and substituting numerical values, find 


r 0.1 kg/m 2 hxl/3600s/h , lrt _ 3 , 

h m =- 5 ---= 1.55x10 m/s 

0.02556 kg/m 3 (1-0.3) 


< 


COMMENTS: (1) From knowledge of pa, sat' the perfect gas law could be used to obtain the 
saturation density. 

PA,sat M A 0.03531 bar x 18 kg/kmol , 3 

OIT 8.314xl0" 2 m 3 bar/kmol-K(300K) 

This value is within 0.3% of that obtained from Table A- 6 . 


(2) Note that psychrometric charts could also be used to obtain PA,sat and Pa,°o- 



PROBLEM 6.46 


KNOWN: Evaporation rate from pan of water of prescribed diameter. Water temperature. Air 
temperature and relative humidity. 

FIND: (a) Convection mass transfer coefficient, (b) Evaporation rate for increased relative humidity, 
(c) Evaporation rate for increased temperature. 


SCHEMATIC: 

T=2$°C or47 C 
0oo~O or 0.5 


m eva p -1.5x10 kgjs 

I~P\s 

- Water f D- 


ASSUMPTIONS: (1) Water vapor is saturated at liquid interface and may be approximated as a 
perfect gas. 

PROPERTI E S: Table A-6, Saturated water vapor (T s = 296K): Pa, sat = v g^ = (49.4 m 3 /kg) 1 = 


0.0202 kg/m 3 ; (T, = 320 K): p A<sat = Vg 1 = (l3.98 m 3 /kg) 1 = 0.0715 kg/m 3 . 


ANALYSIS: (a) Since evaporation is a convection mass transfer process, the rate equation has the 
form m eva p = h m A ( p A s — P/\ oo ) and the mass transfer coefficient is 


h m = 


m 


evap 


1.5xl0 _5 kg/s 


[k D“ / 4 )(p As - p\ oo ) (tp/ 4)(0.23 m) 2 0.0202 kg/m' 


= 0.0179 m/s 


with T s = Too = 23°C and 9oo = 0. 

(b) If the relative humidity of the ambient air is increased to 50%, the ratio of the evaporation rates is 
ri^evap (0°o = 0-5) _ h m A[p A , s (T s ) —^ooPa^ (Too)] PA,s(T=o) 

✓ ^ ^ T rOO ✓ ^ • 


r ^cvap (0oo — 0) 


h m A PA,s (T s ) 


PA,s (Ts ) 


Hence, m eva p (^ = 0.5) = 1.5x10 3 kg/s 


1-0.5 


0.0202 kg/nr 
0.0202 kg/m 3 


:0.75xl0 _3 kg/s. 


(c) If the temperature of the ambient air is increased from 23°C to 47°C, with (jloo = 0 for both cases, 
the ratio of the evaporation rates is 


ri^evap 

T s =T„=47»c) h m Ap A>s 

47°C) p A , s 

47° c) 

ri^evap 

A =T co = 23°cJ h m Ap As 

23°C) p Ks 

23°c) 


/ o \ -5 0.0715 kg/m _5 . 

Hence, m evap T s = = 47 C =1.5x10 3 kg/s-^— = 5.31x10 3 kg/s. < 

V 1 ’ 0.0202 kg/m 3 

COMMENTS: Note the highly nonlinear dependence of the evaporation rate on the water 
temperature. For a 24°C rise in T s , m eva p increases by 350%. 



PROBLEM 6.47 


KNOWN: Water temperature and air temperature and relative humidity. Surface recession 
rate. 

FIND: Mass evaporation rate per unit area. Convection mass transfer coefficient. 

SCHEMATIC: 

/--w -j > 1^-30SK 4 . 

CA/rj) > (h -0 4 / m A,out 

_ __ ^s—Pa,s,T s = 305/C 


dH/df = -OAmm/h H | 


Mi 


a, st 

777777777777777777777777 


i 


Wafer 


ASSUMPTIONS: (1) Water vapor may be approximated as a perfect gas, (2) No water 
inflow; outflow is only due to evaporation. 

PROPERTIES: Table A-6, Saturated water: Vapor (305K), p„ = v'g = 0.0336 kg/m 3 ; 
Liquid (305K), pf = vj 4 = 995 kg/m 3 . 


ANALYSIS: Applying conservation of species to a control volume about the water, 

d , . . dH 


^A,out _ ^A,st 
d 

-m 


evapA- dt (Pf v )- dt (pf AH )-Pf A d( • 

Substituting numerical values, find 

rhgvap = -Pf ^ = -995kg/m 3 (-10“ 4 m/h) (1/3600 s/h) 

rhgvap = 2.76xl0 _5 kg/sm 2 . 

Because evaporation is a convection mass transfer process, it also follows that 

• // rr 

m evap = n A 

or in terms of the rate equation, 

ri^evap = V (PA,s — PA,°o ) = h m [pA,sat (^s ) — ^ooPA.sat (Too )] 
n^evap = ^mPA,sat (305K) (l — (j>oo), 

and solving for the convection mass transfer coefficient, 

m 


h m = 


'cvap 


2.76xl0~ 5 kg/sm 2 


PA,sat (305K) (1-0 oo) 0.0336 kg/m 3 (1-0.4) 


h m =1.37x10 m/s. 


COMMENTS: Conservation of species has been applied in exactly the same way as a 
conservation of energy. Note the sign convention. 





PROBLEM 6.48 


KNOWN: CO 2 concentration in air and at the surface of a green leaf. Convection mass 
transfer coefficient. 

FIND: Rate of photosynthesis per unit area of leaf. 

SCHEMATIC: 


Pa ,s =5x 10 4 kgfm^ 



Pa 6x10 ^kg/m^ 


h w = 10 Z 7n/& 


Leaf surface 


ANALYSIS: Assuming that the CO 2 (species A) is consumed as a reactant in photosynthesis 
at the same rate that it is transferred across the atmospheric boundary layer, the rate of 
photosynthesis per unit leaf surface area is given by the rate equation, 

n A = V (pa,°o — PA,s )■ 

Substituting numerical values, find 

n A =10“ 2 m/s(6xl0' 4 -5xl0“ 4 )kg/m 3 

n A = 10~ 6 kg/s-m 2 . < 

COMMENTS: (1) It is recognized that CO 2 transport is from the air to the leaf, and (Pa,s - 
pA, 00 ) in the rate equation has been replaced by (Pa ,00 - Pa,s)- 

(2) The atmospheric concentration of CO 2 is known to be increasing by approximately 0.3% 

per year. This increase in Pa 00 will have the effect of increasing the photosynthesis rate and 
hence plant biomass production. 



PROBLEM 6.49 


KNOWN: Species concentration profile, C^ly), in a boundary layer at a particular location 
for flow over a surface. 

FIND: Expression for the mass transfer coefficient, h m , in terms of the profile constants, 
C A ,oo and Dab- Expression for the molar convection flux, N A . 

SCHEMATIC: 



ASSUMPTIONS: (1) Parameters D, E, and F are constants at any location x, (2) D\b- the 
mass diffusion coefficient of A through B, is known. 


ANALYSIS: The convection mass transfer coefficient is defined in terms of the 
concentration gradient at the wall, 


h m( x ) = - D AB 


d C A /d y) y=0 
(C A ,s-C A ,oo) 


The gradient at the surface follows from the profile, CA(y), 


<?C A 

d y 


y=0 


d y 


(Dy 2 +Ey + F) ^=+E. 


Hence, 


h m( x ) = ' 


d ab e _ -DabE 


(C A ,s-C A ,oo) (F-C A ,oo)' 
The molar flux follows from the rate equation, 


Na = hm (C A ,s - C a.~ ) = 7 - t ' (C A . S -Ca,„ )■ 

V E a,s Ea.oo J 

Na=-d ab e. 


< 


< 


COMMENTS: It is important to recognize that the influence of species B is present in the 
property Dab- Otherwise, all the parameters relate to species A. 




PROBLEM 6.50 


KNOWN: Steady, incompressible flow of binary mixture between i nf inite parallel plates with 
different species concentrations. 

FIND: Form of species continuity equation and concentration distribution. Species flux at upper 
surface. 


SCHEMATIC: 

l\ 




ASSUMPTIONS: (1) Two-dimensional flow, (2) No chemical reactions, (3) Constant properties. 

ANALYSIS: For fully developed conditions, dC\/dx = 0. Hence with v = 0, the species 
conservation equation reduces to 


dy 

Integrating twice, the general form of the species concentration distribution is 

c A (y)=c iy +c 2 , 


Using appropriate boundary conditions and evaluating the constants, 

Ca(0)=C a , 2 -a C 2 =C A , 2 

c a (l)=c a ,i -a Q = (c Ai1 -c a2 )/l, 

the concentration distribution is 

C A (y) = C A>2 +(y/L) (C A>1 -C A>2 ). < 


From Fick’s law, the species flux is 


N A (L) = -D AB ^ 


dy 


y=L 


n a (l)=^S-(c a>2 -c a>1 ). 


< 


COMMENTS: An analogy between heat and mass transfer exists if viscous dissipation is 

2 2 

negligible. The energy equation is then cFT/dy = 0. Hence, both heat and species transfer are 
influenced only by diffusion. Expressions for T(y) and q (L) are analogous to those for CA(y) and 
N A (L). 



PROBLEM 6.51 

KNOWN: Flow conditions between two parallel plates, across which vapor transfer occurs. 

FIND: (a) Variation of vapor molar concentration between the plates and mass rate of water 
production per unit area, (b) Heat required to sustain the process. 

SCHEMATIC: 


y=C —— 
Ai'r (S) _ 

w 


A ?■ r'.Vh 1 tT*ifc 


8 


/V A ^ W a fe/^ vapor 




C a ,/.,TL 

(Ay t o> t l 

Ca t oJo 


ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed, incompressible flow with 
constant properties, (3) Negligible body forces, (4) No chemical reactions, (5) All work 
interactions, including viscous dissipation, are negligible. 

ANALYSIS: (a) The flow will be fully developed in terms of the vapor concentration field, 
as well as the velocity and temperature fields. Hence 

^ = 0 or C A (x,y) = C A (y). 
d x 


Also, with 3C A /3t = 0, N A =0, v = 0 and constant D A g, the species conservation equation 
reduces to 


d 2 C A 

dy 2 


= 0 . 


Separating and integrating twice, 


c A (y)=c I (y)+c 2 . 


Applying the boundary conditions, 

c a (o) = c a ,o -> 

Ca(l) = c a , l -> 


C 2 =C A ,0 

Ca,L=QL + C 2 


Ci=- 


C A,0~ C A,L 

L 


find the species concentration distribution, 

C A (y) = C A . 0 -(CA. 0 -C A , L ) (y/L). 

From Fick’s law, Eq. 6.19, the species transfer rate is 


Na = Na, s =-Dab 


<?C A 

dy 


d ab 


C A,0~ C A,L 


y=0 


L 


< 


Continued 




PROBLEM 6.51 (Cont.) 


Multiplying by the molecular weight of water vapor, M a, the mass rate of water production 
per unit area is 


" A = M A N' A = M A D AB CA - 0 , CAX 


< 


(b) Heat must be supplied to the bottom surface in an amount equal to the latent and sensible 
heat transfer from the surface, 


fl ~ ‘flat + ‘fsen 

q /,=n A, s h f g + 



The temperature distribution may be obtained by solving the energy equation, which, for the 
prescribed conditions, reduces to 


dy 2 

Separating and integrating twice, 
T(y) = C,y + C 2 . 


Applying the boundary conditions, 

T(0) = T 0 -> C 2 =T 0 

T(L) = T l -> Q =(T,-Tq)/L 

find the temperature distribution, 

T(y) = T<,-(T 0 -T L ) y /L. 


Hence, 

-k" 
dy 

Accordingly, 

q' = M a D ab CA - 0 ~ CAX h fs + k (T ° ~ TL 1 . < 

COMMENTS: Despite the existence of the flow, species and energy transfer across the air 
are uninfluenced by advection and transfer is only by diffusion. If the flow were not fully 
developed, advection would have a significant influence on the species concentration and 
temperature fields and hence on the rate of species and energy transfer. The foregoing results 
would, of course, apply in the case of no air flow. The physical condition is an example of 
Poiseuille flow with heat and mass transfer. 


,. (Tq-T l ) 

L 



PROBLEM 6.52 


KNOWN: The conservation equations, Eqs. E.24 and E.3E 


FIND: (a) Describe physical significance of terms in these equations, (b) Identify approximations 
and special conditions used to reduce these equations to the boundary layer equations, Eqs. 6.33 
and 6.34, (c) Identify the conditions under which these two boundary layer equations have the same 
form and, hence, an analogy will exist. 


ANALYSIS: (a) The energy conservation equation, Eq. E.24, has the form 


8 i 8 i 
p u —+ p v : 


8 T 


+ - 


8 T 
d y. 


+ 


8 x ' 8 y 8 x |_ 8 x J 8 y 

la lb 2a 2b 3 

The terms, as identified, have the following phnysical significance: 


8 p 8 p 

u—- +v 


d y 
4 


+ p<E + q. 
5 


1. Change of enthalpy (thermal + flow work) advected in x and y directions, < 

2. Change of conduction flux in x and y directions, 

3. Work done by static pressure forces, 

4. Word done by viscous stresses, 

5. Rate of energy generation. 

The species mass conservation equation for a constant total concentration has the form 


8 C A dC A 

u-^_ + v — 

8 x 8 y 
la lb 


8 C A 
Dab—^ 

8 

+- 

8 C A 

d ab —^ 

8 x 

2 a 

8 y 

L 3 y J 

2 b 


+ N A 
3 


1. Change in species transport due to advection in x and y directions, < 

2. Change in species transport by diffusion in x and y directions, and 

3. Rate of species generation. 


(b) The special conditions used to reduce the above equations to the boundary layer equations are: 
constant properties, incompressible flow, non-reacting species (N A = 0 ). without internal 

heat generation (q = 0 ), species diffusion has negligible effect on the thermal boundary layer, 
u (8 p/d x) is negligible. The approximations are, 


Velocity boundary layer 


Thermal b.l.: 


u » v 


8 T 8 T 

8 y 8 x 


8 u 8 u 8 v 8 v 

-»- , - , - 

8 y 8 x 8 y 8 x 

Concentration b.l.: 


8 C A 8 C A 


The resulting simplified boundary layer equations are 

i2 

8 u 


8 T 8 T 
u —— + v —— =a 


8 2 T v 


.2 + c 


8 y 


8 C A 

U ——— -|- v 

8 x 


l d y 
8 C A _ 


8 y 


= d ab 


8 x 


5 2 C A 


8 y x 


8 x 8 y 3 y 

la lb 2a 3 lc Id 2b 

where the terms are: 1. Advective transport, 2. Diffusion, and 3. Viscous dissipation. 


(c) When viscous dissipation effects are negligible, the two boundary layer equations have identical 
form. If the boundary conditions for each equation are of the same form, an analogy between heat 
and mass (species) transfer exists. 



PROBLEM 6.53 

KNOWN: Thickness and inclination of a liquid film. Mass density of gas in solution at free surface 
of liquid. 

FIND: (a) Liquid momentum equation and velocity distribution for the x-direction. Maximum 
velocity, (b) Continuity equation and density distribution of the gas in the liquid, (c) Expression for 

the local Sherwood number, (d) Total gas absorption rate for the film, (e) Mass rate of NH 3 removal 
by a water film for prescribed conditions. 

SCHEMATIC: 

NH 3 (A) - Water (B) 

L = 2m 
8=1 mm 
D = 0.05m 

W = 7tD = 0.157m 

3 

pA,o = 25 kg/m 
D ab = 2 x 10~ 9 m“/s 
<\> = 0 ° 

ASSUMPTIONS: (1) Steady-state conditions, (2) The film is in fully developed, laminar flow, (3) 
Negligible shear stress at the liquid-gas interface, (4) Constant properties, (5) Negligible gas 
concentration at x = 0 and y = 8 , ( 6 ) No chemical reactions in the liquid, (7) Total mass density is 
constant, ( 8 ) Liquid may be approximated as semi-infinite to gas transport. 

o AO 

PROPERTIES: Table A-6, Water, liquid (300K): p f = l/v f = 997 kg/nT, p = 855 x 10" N s/m , v 
= p/pf = 0.855 x 10 ^rn7s. 

ANALYSIS: (a) For fully developed flow (v = w = 0, du/dx = 0), the x-momentum equation is 
0 = dZy X / d y + X where Ty X = p (d u/d y) and X = (pg)cos0. 

That is, the momentum equation reduces to a balance between gravitational and shear forces. Hence, 

p|d“u/d y“ j = -(pg)cos (j). 

Integrating, d u/d y = -(g cos 0 /v)y + q u = (g cos (f}/2.v )y^" -rC : y -rC 2 • 

Applying the boundary conditions, 

du/dy) y=0 =0 ^ C 1= 0 

5 2 

u(c>) = 0 —> C->=gcos d> —. 

2 v 

Hence, i. i^lts 2 -y 2 ), 1 cos h-(y/g) 2 ! < 

2V ' ’ 2V L J 

and the maximum velocity exists at y = 0 , 

u max = u (°) = (gcos <j> 8 2 )/ 2 v. < 

(b) Species transport within the liquid is influenced by diffusion in the y-direction and convection in 

the x-direction. Hence, the species continuity equation with u assumed equal to u max throughout the 
region of gas penetration is 



Continued 





U = Dab 


d 2 PA 


PROBLEM 6.53 (Cont.) 

d “Pa u max dp A 


d x fj y 2 d y 2 D ab (9 x 

Appropriate boundary conditions are: p A (x,0) = p A 0 and p A (x,<») = 0 and the entrance condition is: 

PA(O.y) = 0. The problem is therefore analogous to transient conduction in a semi-infinite medium 
due to a sudden change in surface temperature. From Section 5.7, the solution is then 


PA “ Pa.o 


= erf - 


d/2 


PA = PA,o erfc 


0 ^A,o 2(D AB x/u max ) 

(c) The Sherwood number is defined as 

n A,x - d ab<?pa/<? y) y=0 


2(D AB x/u 

max ) 


1/2 


Sh x = 


h m,x x 


D 


where h 


AB 


m,x 


PA,( 


Pa,. 


d PA 

2 

y u max 

1 

"C 

II 

o 

II 

1 

> 

o 

u max 

d y 

~~ Pa,o , , ex P 

l \1 / 2 

y=o OO 

4 D AB x 

2(D AB */u max ) 1/2 

_n Dab x _ 


1/2 


Hence, 


11 max D AB 
n x 


-il/2 


Sh x = 


00 


1/2 


L °AB 


1/2 


OO 


1/2 


11 Y 

max 

1/2 

V 

V 


. d ab . 


1/2 


and with Re x = u max x/v, 


Sh x = 


\/(k) 


1/2 


Re x 2 Sc 1/2 =0.564 Re x 2 Sc 1/2 . 


(d) The total gas absoiption rate may be expressed as 
n A = V,x • L) p A 0 

where the average mass transfer convection coefficient is 

1 r L . 


h 


m,x 


L 0 


'm,x v 


1 

u max LI AB 

1/2 , 
rL dx 

4u max L>AB 

L 

n 

O 

fo 

1 

7T L 


1/2 


Hence, the absorption rate per unit width is 

n A/W=(4u m ax D ab L/7t) ""Pa,o- 
(e) From the foregoing results, it follows that the ammonia absorption rate is 

1/2 


n A 


4u 


max ^*AB 


7T 


1/2 


Wp A ,o = 


4 g cosdd""D AB L 
27 TV 


Wp A ,o- 


Substituting numerical values, 


4x9.8 m/s 2 xlx^lO 3 mj ^2xl0" 9 m 2 /s)2m 
2 k x 0.855 x 10 6 m 2 /s 


1/2 


(0.157m)25 kg/m 3 = 6.71x10 4 kg/s. < 


COMMENTS: Note that p A 0 -t p A oo, where p A oo is the mass density of the gas phase. The value 
of p A 0 depends upon the pressure of the gas and the solubility of the gas in the liquid. 



PROBLEM 6.54 


KNOWN: Cross flow of gas X over object with prescribed characteristic length L, Reynolds 
number, and average heat transfer coefficient. Thermophysical properties of gas X, liquid Y, 
and vapor Y. 


FIND: Average mass transfer coefficient for same object when impregnated with liquid Y 
and subjected to same flow conditions. 


SCHEMATIC: 



X(gas) 


Zr. 


CO 


Re L =lxlO 


r4 



ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable, (2) Vapor Y behaves as 
perfect gas 


PROPERTIES: 


(Given) 

V(mVs) 

-6 

Gas X 

21 x 10 

-7 

Liquid Y 

3.75 x 10 

-5 

Vapor Y 

4.25 x 10 


k(W/m-K) 

a(nT7s) 

0.030 

29 x 10" 6 

0.665 

1.65 x 10~ 7 

0.023 

4.55 x 10" 5 


Mixture of gas X - vapor Y: Sc = 0.72 


ANALYSIS: The heat-mass transfer analogy may be written as 


Nu t = ^ = f (Re L , Pr) 


Sh T = hmxL =f (Re L ,Sc) 


k ' " D AB 

The flow conditions are the same for both situations. Check values of Pr and Sc. For Pr, the 
properties are those for gas X (B). 


Pr 


v B _ 21x10“° m z /s 


:0.72 


«B 29xl0' 6 m 2 /s 

while Sc = 0.72 for the gas X (B) - vapor Y (A) mixture. It follows for this situation 


Nu. = iri = si, _ llmxL 
L k L d ab 


or 


VL=h L 5AB 


Recognizing that 

D A b = v B /Sc = 21.6xl0' 6 m 2 /s/(0.72) = 30.0xl0“ 6 m 2 /s 
and substituting numerical values, find 


h m,L 


= 25 W/m 2 


„ 30.0xl0' 6 m 2 /s 

■Kx- 

0.030 W/m K 


= 0.0250 m/s. 


< 


COMMENTS: Note that none of the thermophysical properties of liquid or vapor Y are 
required for the solution. Only the gas X properties and the Schmidt number (gas X - vapor 
Y) are required. 



PROBLEM 6.55 


KNOWN: Free stream velocity and average convection mass transfer coefficient for fluid 
flow over a surface of prescribed characteristic length. 

FIND: Values of ShL, Re L , Sc and j, 71 for (a) air flow over water, (b) air flow over 
naphthalene, and (c) warm glycerol over ice. 

SCHEMATIC: 


(B) 

Air or glycerol 

T-300K 

V=lm/s 



(A) 

Wafer (v), 
naphthalene (v), 
or water (&) 


PROPERTIES: For the fluids at 300K: 


Table 

Fluid(s) 

V(tr?/s)xl0 ** 

D AB (m 2 / s ) 

A-4 

Air 

15.89 

- 

A-5 

Glycerin 

634 

- 

A-8 

Water vapor - Air 

- 

0.26 x 10" 4 

A-8 

Naphthalene - Air 

- 

0.62 x 10' 5 

A-8 

Water - Glycerol 

- 

0.94 x 10~ 9 


ANALYSIS: (a) Water (vapor) - Air: 

(0.01m/s)lm 


— h m L 
Sh L =^^ 
Dab 

„ VL 
Re L --- 


0.26xl0’ 4 m“ /s 


= 385 


(l m/s)l 


m 


Sc = 


D 


AB 


15.89xl0" 6 m“ /s 
0.16xl0“ 6 m 2 /s 

0.26xl0' 6 m 2 /s 


= 6.29x10 


= 0.62 


2/3 _ h m o„2/3 


in = St m Sc = “^"Sc 
(b) Naphthalene (Vapor) - Air: 


221^(0.62 ) 2 ' 3 =0.0073. 
1 m/s 


Sh L = 1613 Re L = 6.29x10 
(c) Water (liquid) - Glycerol: 

,7 


Sc = 2.56 ^ = 0.0187. 


Sh L =1.06x10' Re L = 1577 Sc = 6.74x10" = 76 - 9 - 


COMMENTS: Note the association of v with the freestream fluid B. 






PROBLEM 6.56 


KNOWN: Characteristic length, surface temperature, average heat flux and airstream conditions 
associated with an object of irregular shape. 

FIND: Whether similar behavior exists for alternative conditions, and average convection coefficient 
for similar cases. 



q', W/m 2 12,000 

h, W/m 2 ■ K 240 

d A b xio* 4 , m~ /s - 


SCHEMATIC: 


Case: 

1 

L,m 

1 

V, m/s 

100 

p, atm 

1 

Too, K 

275 

Ts, K 

325 

1.12 

1.12 


2 

3 

4 

5 

2 

2 

2 

2 

50 

50 

50 

250 

1 

0.2 

1 

0.2 

275 

275 

300 

300 

325 

325 

300 

300 


ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable; that is, f(Re L ,Pr) = f(Re L ,Sc), see 
Eqs. 6.57 and 6.61. 


PROPERTIES: Table A-4, Air (300K, 1 atm): Vj = 15.89x10 6 m 2 /s, Pq = 0.71, ^ = 0.0263 W/m ■ K. 


ANALYSIS: Re L1 =V 1 L 1 /v I = (lOO m/sxlm)/15.89x10 6 m 2 /s = 6.29x10° and Pr, =0.71. 


Case 2: Re L2 =^^ =-= 6.29x10“, Pr 2 =0.71. 


50 m/s x 2m t. 

= 6.29x10 , 


15.89 Xl0' 6 m 2 /s 


From Eq. 6.57 it follows that Case 2 is analogous to Case 1. Hence Nu 0 = Nu 1 and 


hi Li k ? - L, W 

h 2 =-CJ- — =hj — = 240- 

k l L 2 L 2 m 2 • K 

-6 2 


lm i 

-= 120 W/nC • K. 

2m 


Case 3: With p = 0.2 atm, v 3 = 79.45x10 m“/s and Re L3 = 


V 3 L 3 


50 m/s x 2m 
79.45 xl0’ 6 m 2 /s 


= 1.26x10 


Since Re L 3 ^ Re L Case 3 is not analogous to Case 1. 
Case 4\ 


Re L,4 = Re L,l- Sc 4 = 


15.89x10 6 m 2 /s 


D 


AB,4 


1.12xl0" 4 m 2 /s 


■ = 0.142 * Pq . 


Pr 3 = 0.71. 

< 


Hence, Case 4 is not analogous to Case 1. 

250 m/s x 2m 


Case 5: 


Re 


L,5 


V5L5 


Se 5 =■ 


D 


AB,5 


79.45 x 10' 6 m 2 /s 
79.45 X 10“ 6 m 2 /s 
1.12 X10 4 m 2 / s 


: 6.29x10 = Re 


L,1 


= 0.71 = Pq . 


Hence, conditions are analogous to Case 1, and with Sh 5 = Nu ( . 


L, D 


h m,5 = h l- 


1 ^AB,5 


= 240 


W 


lm 1.12x lO^m 2 /s 


m 2 -K 


■ = 0.51 m/s. 


2m 0.0263 W/m • K 


COMMENTS: Note that Pr, k and Sc are independent of pressure, while V and D 43 vary inversely 
with pressure. 



PROBLEM 6.57 


KNOWN: Surface temperature and heat loss from a runner’s body on a cool, spring day. 
Surface temperature and ambient air-conditions for a warm summer day. 

FIND: (a) Water loss on summer day, (b) Total heat loss on summer day. 


SCHEMATIC: 




ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable. Hence, from Eqs. 6.57 
and 6.61, f(ReL,Pr) is of same form as f(ReL,Sc), (2) Negligible surface evaporation for Case 
1, (3) Constant properties, (4) Water vapor is saturated for Case 2 surface and may be 
approximated as a perfect gas. 

PROPERTIES: Air (given): v = 1.6x10 ^ nT7s, k = 0.026 W/m-K, Pr = 0.70; Water vapor - 

-5 2 

air (given): Dab = 2.3x10 m /s; Table A-6, Saturated water vapor (T^ = 303K): 

PA.sat = v g* = 0.030 kg/m 3 ; (T s = 308K): Pa, sat = v g = 0.039 kg/m 3 , hf g = 2419 kJ/kg. 

ANALYSIS: (a) With Re L 9 = Re L,l and Sc=v/D AB = 1.6xl0“ 5 m 2 /s/2.3xl0' 5 m 2 /s=0.70=Pr, it 
follows that ShL = Nul- Hence 
h m L/DAB = hL/k 

h -h D AB _ 91 P AB _ 500 W 2.3xlQ- 5 m 2 /s _f 0.022l l 
m k A s (T s -T^ ) 2 k A S (20K) 0.026 W/m K [ A s J 

Hence, from the rate equation, with A s as the wetted surface 

n A = (PA,s — PA.oo) = ~ A s PA,sat (^sp) - ^ooPA,sat ("^ 00 , 2 ) 

A s J S L J 

n A =0.0221 m 3 /s (0.039-0.6x0.030)kg/m 3 = 4.64xl0 _4 kg/s. < 

(b) The total heat loss for Case 2 is comprised of sensible and latent contributions, where 
92 = 4sen + 4lat = kA s (T s 2 — ^) + n A ^fg • 

Hence, with hA s = qi / (t s j - T^, 1 ) = 25 W/K, 

q 2 =25 W/K (35-30)° C + 4.64xl0' 4 kg/sx2.419xl0 6 J/kg 

q 2 =125 W + 1122 W = 1247 W. < 

COMMENTS: Note the significance of the evaporative cooling effect. 



PROBLEM 6.58 


KNOWN: Heat transfer results for an irregularly shaped object. 

FIND: (a) The concentration, C A , and partial pressure, pa- of vapor in an airstream for a 
drying process of an object of similar shape, (b) Average mass transfer flux, n^ |kg/s ■ m 2 

SCHEMATIC: 



ASSUMPTIONS: (1) Heat-mass transfer analogy applies, (b) Perfect gas behavior. 

PROPERTIES: Table A-4, Air (323K, 1 atm): v = 18.20xl0" 6 m7s, Pr = 0.703, k = 

28.0x10 3 W/m K; Plastic vapor (given): M a=82 kg/kmol, p sa t(50°C) = 0.0323 atm. Dab = 
_ -5 2 . 

2.6x m /s. 


ANALYSIS: (a) Calculate Reynolds numbers 
VjLi _ 120 m/s x lm 


Re^ = 

Re 2 


18.2 x 10" 6 m 2 /s 


6.59x10 


60 m/s x 2m 
18.2xl0' 6 m 2 /s 


6.59x10° 


Note that 

Pr] = 0.703 


Sc 2 = 


v 


Dab 


18.2xl0~ 6 m 2 /s 

2.6xl0' 5 m 2 /s 


= 0.700. 


Since Re ] = Re 2 and Pr] = Sc 2 , the dimensionless solutions to the energy and species 
equations are identical. That is, from Eqs. 6.54 and 6.58, 


* * 

x ,y 


= Ca x’.y 


* * 


T-T s _ C A ~C A;S 
Too-T s Ca,oo“Ca,s 

where T and C A are defined by Eqs. 6.37 and 6.38, respectively. Now, determine 

C A ,s = P ^ at = (0.0323 atm/8.205x 10' 2 m 3 ■ atm/kmol■ Kx (273 + 50) K) 
C A?S =1.219xl0 -3 kmol/kg. 


Continued 




PROBLEM 6.58 (Cont.) 


Substituting numerical values in Eq. (1), 


Ca=Ca, s + (Ca,~-Ca, s )^ L ^ 

loo Is 

C A =1.219xl0 -3 kmol/m 3 + (o-1.219xlO~ 3 ) kmol/m 3 ( 8Q ~ 1QQ ) C 

' ' (0-100)°C 


C A = 0.975 xlO -3 kmol/m 3 . < 

The vapor pressure is then 

p A = C A 9TT = 0.0258 atm. < 

(b) For case 1, q = 2000 W/m . The rate equations are 

q' = h(T s -Too) (2) 

n A = (C A) s _ C Aoo ) M A - (3) 


From the analogy 


Nul =ShL 


—> 


h L 1 _ h m F 2 
k Dab 


h Lo k 
or =— = -. 

h m L 1 d AB 


Combining Eqs. (2) - (4), 

" _ -rh m (^A,s _ C Aoo )m a _ ^F^D^ (^A,s ~C Aoo )m a 

HA _C1 T (Ts-Too) _q T^k (T s - Too) 


(4) 


which numerically gives 

lm (2.6x10 3 m 2 /sj (1.219x10 3 -o)kmol/m 3 (82kg/kmol) 

n A =2000 W/m 2 -4- L 1 - 1 -- 

2m (28x10 3 W/m- k) (lOO-O)K 


n A = 9.28x10 q kg/s-m^. < 

COMMENTS: Recognize that the analogy between heat and mass transfer applies when the 
conservation equations and boundary conditions are of the same form. 



PROBLEM 6.59 


KNOWN: Convection heat transfer correlation for flow over a contoured surface. 

FIND: (a) Evaporation rate from a water film on the surface, (b) Steady-state film temperature. 


SCHEMATIC: 


T^ZOO 




V=10m/s 


> 

> 

> 



Wafer film ) T s 

irufOAZl£ s L a Pr 0 * 


ASSUMPTIONS: (1) Steady-state conditions, (b) Constant properties, (c) Negligible radiation, (d) 
Heat and mass transfer analogy is applicable. 

PROPERTIES: Table A-4 , Air (300K, 1 atm): k = 0.0263 W/m-K, v = 15.89xl0 _6 m 2 /s, Pr = 0.707; 
Table A-6, Water (T s - 280K): v g = 130.4 nfVkg, h fg = 2485 kJ/kg; Table A-8, Water-air (T - 
298K): D A b = 0.26xl0" 4 m 2 /s. 

ANALYSIS: (a) The mass evaporation rate is 

ri^evap = n A = V A PA,sat (Ts ) — 0oo PA,sat (Too )] = h m A Pa, sat (Ts )• 


From the heat and mass transfer analogy: 


ShL =0.43 Re° 58 Sc 0 ' 4 


VL (10 m/s) lm < y 15.89xl0~ 6 m 2 /s 

Re L = — = —4- 4 ■ = 6.29x10 s Sc = —— = , 4 =0.61 


v 15.89xl0' 6 m 2 /s 
Sh L =0.43(6.29x10 s ) ‘ (0.61) 0 ' 4 = 814 


d AB 26xl0' 6 m 2 /s 


r Dar — 0.26x10 4 m 2 /s /01 

u - ^P-ShL =- : -(814) = 0.0212 m/s 


h m = 


L 


PA.sat(T s ) = v g (T s ) 1 =0.0077 kg/m". 

Hence, 

(b) From a surface energy balance, qconv = 9evap’ or 


lm 


m eV ap = 0-0212m/s x lm 2 x0.0077kg/m S = 1.63x10 4 kg/s. 


(Too T s ) — m C vaphfg 


T =T 

L oo 


0 58 

Nul = 0.43(6.29xlO S j ' (0.707) 0 ' 4 =864 

r k — 0.0263 W/m-K 2 

h L = — Nul =-864 = 22.7 W/m-K. 

L lm 


('Tcvaphfg) 


h L 


With 


Hence, 


T s = 300K 


1.63xl0' 4 kg/s-m 2 (2.485xl0 6 J/kg) 


22.7 W/m 2 ■ K 


= 282.2K. 


COMMENTS: The saturated vapor density, pA sat’ is strongly temperature dependent, and if the 

initial guess of T s needed for its evaluation differed from the above result by more than a few degrees, 
the density would have to be evaluated at the new temperature and the calculations repeated. 




PROBLEM 6.60 


KNOWN: Surface area and temperature of a coated turbine blade. Temperature and pressure of air 
flow over the blade. Molecular weight and saturation vapor pressure of the naphthalene coating. 
Duration of air flow and corresponding mass loss of naphthalene due to sublimation. 

FIND: Average convection heat transfer coefficient. 

SCHEMATIC: 



Naphthalene coating 
T s = 27°C, A s = 0.05 m 2 
Pa, sat = 1 -33x10‘ 4 bar 
Am = 8 g for At = 30 min 


ASSUMPTIONS: (1) Applicability of heat and mass transfer analogy, (2) Negligible change in A s 
due to mass loss, (3) Naphthalene vapor behaves as an ideal gas, (4) Solid/vapor equilibrium at 
surface of coating, (5) Negligible vapor density in freestream of air flow. 

PROPERTIES: Table A-4, Air (T = 300K): p = 1.161 kg/m 3 , c p = 1007 J/kg-K, a = 22.5 x 10' 6 
m”/s. Table A-8, Naphthalene vapor/air (T = 300K): Dab - 0-62 x 10 5 m~/s. 


ANALYSIS: From the rate equation for convection mass transfer, the average convection mass 
transfer coefficient may be expressed as 


tin 


Am / At 


x m 


As (pa,s - PA,°o) A s Pa,s 


where 


frr \ M a PA,sat (128.16kg/kmol)l.33x10 4 bar 0 ^ win -4, , 3 

PA.s = PA.sat ( T s) = ——-=-^-;-- = 6.83x10 kg/m 


%T s 0.08314m 3 bar/kmol-K (300K) 


Hence, 


h m = 


0.008 kg / (30 minx 60s / min) 
0.05m 2 (6.83xl0" 4 kg/m 3 ) 


= 0.13m/s 


Using the heat and mass transfer analogy with n = 1/3, we then obtain 


h — hmP c pL e — hmP c p 


f a 2/3 

a 


d ab 


0.130m/s(l.l61kg/m 3 ) 
1007J/kg-K(22.5xl0~ 6 /0.62xl0 -5 ) 2/3 =359W/m 2 K 


x 


COMMENTS: The naphthalene sublimation technique has been used extensively to determine 
convection coefficients associated with complex flows and geometries. 



PROBLEM 6.61 


KNOWN: Mass transfer experimental results on a half-sized model representing an engine strut. 

n! 


m,-, 1/3 


for the mass 


FIND: (a) The coefficients C and m of the correlation ShL = CRc^Sc 

r !(n — r)! 

transfer results, (b) Average heat transfer coefficient, h, for the full-sized strut with prescribed 
operating conditions, (c) Change in total heat rate if characteristic length Lpj is doubled. 

SCHEMATIC: 

■Naphthalene, $ h £ __ _> r\= 70 °C 


Z8Z 60,000 T-1QTC* 



@>==d 

72=27 C » \ ~ZT " ' /ffl=ioru 

Si SC 

?8? 288,000 

Mass transfer Heat transfer 

ASSUMPTIONS: Analogy exists between heat and mass transfer. 

PROPERTIES: Table A-4, Air (T = (T^ + T s )/2 = 400K, 1 atm): V=26.41xl0' 6 m 2 / s, k = 
0.0338 W/m-K, Pr = 0.690; (T = 300K): v b = 15.89x 10 -6 m 2 /s; Table A-8, Naphthalene-air 

(300K, 1 atm): D AB = 0.62xl0 _5 m 2 /s. Sc = v B /D^ = 15.89xl0 _6 m 2 /s/0.62xl0' 5 m 2 /s=2.56. 
ANALYSIS: (a) The correlation for the mass transfer experimental results is of the form 
Slip = CRe™ Sc l/3 . The constants C,m may be evaluated from two data sets of ShL and Rep; 
choosing the middle sets (2,3): 


0.80. 


( sh L) 

' 2 (Re L )“ 

Sh L ) 2 /Sh L )3] log [491/568] 

K) 

— U1 Ill — 

l 3 ( Re L)“ l0 § 

Re L ) 2 / Re L ) 3 

log [120,000/144,000] 


Then, using set 2, find C = 


Sh L ), 


491 


Re ™ j Sc 1/3 (120,000 )°' 8 2.56 1/3 


= 0.031. 


(b) For the heat transfer analysis of the strut, the correlation will be of the form 

Nul = ItL ' Lh/ k = 0.031 Re^ Pr where ReL = VLjj/v and the constants C.m were 

determined in Part (a). Substituting numerical values, 

°' 8 1/3 0.0338 W/m-K 2 ^ 

0.690 i/3 -= 198 W/nU • K. < 

0.06 m 


h, =Nu L —= 0.031 

l h 


60 m/s x 0.06 m 


.26.41x10"^m 2 /s 


(c) The total heat rate for the strut of characteristic length Lj_[ is q=h A s (T s — T^ ), where A s = 
2.2 L h 1 and 

u xt,, t t"1 dc0.8 t"1 t0.8 t"1 t 

"H 

/ r\ \ r\ ci 

Hence, q~h ■ A s 


h~Nu L ■ L^ ~ RE ^' 8 ■ Ly ~ L ^ 8 ■ ~ L '^ 2 A s ~ L H 

r 0.8 


|l ^' 2 j (L|_[ ) ~ L'j 1 ^. If the characteristic length were doubled, the heat rate 


0.8 


would be increased by a factor of (2) =1.74. 



PROBLEM 6.62 


KNOWN: Boundary layer temperature distribution for flow of dry air over water film. 
FIND: Evaporative mass flux and whether net energy transfer is to or from the water. 

SCHEMATIC: 


zz£ 

u-aolv-SOOOm' 1 

?r=0.7 ) Sc--0.6 

■Pa,oo=0 



-1- exp(-Pr U»l) 
V 

W ater, 7^ = 300 K 


ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable, (2) Water is well 
insulated from below. 


PROPERTIES: Table A-4, Air (T s = 300K, 1 atm): k = 0.0263 W/m-K; Table A-6, Water 
vapor (T s = 300K): s = Vg 1 =0.0256 kg/m 3 , hf g = 2.438xl0 6 J/kg; Table A-8, Air-water 

vapor (T s = 300K): D^g = 0.26xl0 _4 m 2 Is. 


ANALYSIS: From the heat and mass transfer analogy, 


PA ~ PA,s 
PA.oo — PA.S 


=1 - exp 


-Sc 


UooY 


Using Fick’s law at the surface (y = 0), the species flux is 


n A = _d AB 


d PA 


d y 


u„ 


= +Pa,s d ab Sc — 

y=0 V 


n\ =0.0256 kg/m 3 x 0.26xl0'V 2 /s x (0.6)5000 m' 1 = 2.00xl0 -3 kg/s-m 2 . 
The net heat flux to the water has the form 


// _ // // _ i 

c lnct — Oconv — c lcvap — 


d T 


d y 


- »A hfg =k(T„-T s ) Pr n' A h fg 


y=o 


and substituting numerical values, find 


qn et = 0.0263^^(100K) 0.7 x 5000 m' 1 -2xl0 -3 -^ y x2.438xl0 6 J/kg 
m ■ K 


q' et = 9205 W/m 2 -4876 W/m 2 = 4329 W/m 2 . 


s ■ m 


Since q[ lct > 0, the net heat transfer is to the water. < 

COMMENTS: Note use of properties (Dab ar| d k) evaluated at T s to determine surface 
fluxes. 




PROBLEM 6.63 


KNOWN: Distribution of local convection heat transfer coefficient for obstructed flow over 
a flat plate with surface and air temperatures of 310K and 290K, respectively. 

FIND: Average convection mass transfer coefficient. 

SCHEMATIC: 


7A \J 
'oo> v 



ASSUMPTIONS: Heat and mass transfer analogy is applicable. 

PROPERTIES: TableA-4, Air (T f = (T s +T 00 )/2 = (310 + 290)K/2 = 300 K, 1 atm): 

k = 0.0263 W/m K, v = 15.89xl0' 6 m 2 /s, Pr = 0.707. Table A-8, Air-napthalene (300K, 
1 atm): D AB = 0.62xl0 _5 m 2 /s, Sc =v/D AB = 2.56. 

ANALYSIS: The average heat transfer coefficient is 

hL = ^I{^ h x dx = ^( 0 - 7 + 13 - 6x -3.4x 2 )dx 

h L = 0.7 + 6.8L - 1.13L 2 =10.9 W/m 2 K. 

Applying the heat and mass transfer analogy with n = 1/3, Equation 6.66 yields 

Nul _ ShL 
Pri/3 Sc l/3 


Hence, 


1 m. 


,L l _ h L L Sc 


1/3 


d ab 


Pr 


1/3 


u 77 D AB Sc 1/3 
h m ,L=h L - Ali -- 


Pr 


1/3 


= 10.9 W/m" 


K 0.62xl0' 5 m 2 /s 
0.0263 W/m K 


' 2.56 
v 0.707 


d/3 

> 


hm,L = 0.00395 m/s. < 

COMMENTS: The napthalene sublimation method provides a useful tool for determining 
local convection coefficients. 



PROBLEM 6.64 


KNOWN: Radial distribution of local Sherwood number for uniform flow normal to a 
circular disk. 


FIND: (a) Expression for average Nusselt number, (b) Heat rate for prescribed conditions. 


SCHEMATIC: 



Sh D = Sh 0 iUs(r/r o rl 
Sh 0 =0.8MRe D ‘ /Z $c°* e 
n=S.S, a=1.2 
T S *1Z5°C 


ASSUMPTIONS: (1) Constant properties, (2) Applicability of heat and mass transfer 
analogy. 

PROPERTIES: Table A-4, Air |t = 75°C = 348 K j: k = 0.0299 W/m ■ K, Pr = 0.70. 

ANALYSIS: (a) From the heat and mass transfer analogy, Equation 6.66, 

Nup _ Shp 
Pr 0 ' 36 Sc 036 

where 


Shp=^| As Shp(r)dA s =^-2^£°^l + a(r/r 0 ) n rdr 

Sh 0 [l + 2a/(n + 2)] 


A ' r 'S ^ V / ^ 2 

71 r G 


Shp=^ 


r 2 | ar n+2 
2 ( n + 2 ) r o 


Hence, 


Nup=0.814[l+2a/(n+2)]Re^ 2 Pr 0 - 36 . < 

(b) The heat rate for these conditions is 

k (ttD 2 | 

q = hA(T s -T^) = 0.814[l + 2a/(n + 2)]-ReJfPr 0 ' 36 (T s -T^) 

1/2 

q = 0.814(1 + 2.4/7.5)0.0299 W/m-K(^:0.02m/4)(5xl0 4 ) “ (0.07) 0 36 (l00°c) 


q = 9.92 W. < 

COMMENTS: The increase in h(r) with r may be explained in terms of the sharp turn which 
the boundary layer flow must make around the edge of the disk. The boundary layer 
accelerates and its thickness decreases as it makes the turn, causing the local convection 
coefficient to increase. 



PROBLEM 6.65 


KNOWN: Convection heat transfer correlation for wetted surface of a sand grouse. Initial 
water content of surface. Velocity of bird and ambient air conditions. 

FIND: Flight distance for depletion of 50% of initial water content. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Vapor behaves as a perfect gas, (3) 
Constant properties, (4) Applicability of heat and mass transfer analogy. 

PROPERTIES: Air (given): v = 16.7xl0~ 9 m~/s; Air-water vapor (given): 

Dab = 0.26xl0 _4 m 2 /s; Table A-6, Water vapor (T s = 305 K): v g = 29.74 m 3 /kg; (T s = 310 
K), Vg = 22.93 m 3 /kg. 

ANALYSIS: The maximum flight distance is 

X = Vt 
/ Mnax v l max 

where the time to deplete 50% of the initial water content AM is 

AM AM 

tmax - “ _ V i 1 \' 

m evap h m A s (Pa, s “ PA,°o j 

The mass transfer coefficient is 

h m = ShL C>M - = 0.034Re 4/5 Sc 1/3 

L L L 

Sc =v/D AB =0.642, L = (A s ) 1/2 = 0.2 m 

Rcl = VL = 30 m/sx0.2 m = 3>59xl0 5 

v 16.7x10'%^/s 

h m = 0.034^3.59xl0 3 ) (0.642) 1/3 (o.26xlO“ 4 m 2 /s/0.2 m) = 0.106 m/s. 


Hence, 


L max 


0.106 m/s 


(0.04 m 2 ) 


0.025 kg _ 

(29.74) -1 -0.25 (22.93) _1 


-= 259 s 

kg/m 3 


X max =30m/s ( 259 s ) = 7785 m = 7 - 78km - < 

COMMENTS: Evaporative heat loss is balanced by convection heat transfer from air. 
Hence, T s < T^. 



PROBLEM 6.66 


KNOWN: Water-soaked paper towel experiences simultaneous heat and mass transfer while subjected 
to parallel flow of air, irradiation from a radiant lamp bank, and radiation exchange with surroundings. 
Average convection coefficient estimated as h = 28.7 W/m 2 K. 

FIND: (a) Rate at which water evaporates from the towel, n A (kg/s), and (b) The net rate of radiation 
transfer, q rad (W), to the towel. Determine the irradiation G (W/m”). 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Vapor behaves as an ideal gas, (3) Constant 
properties, (4) Towel experiences radiation exchange with the large surroundings as well as irradiation 
from the lamps, (5) Negligible heat transfer from the bottom side of the towel, and (6) Applicability of 
the heat-mass transfer analogy. 

PROPERTIES: Table A.4, Air (T f = 300 K): p = 1.1614 kg/m 3 , c p = 1007 J/kg-K, a = 22.5 X 10 6 m 2 /s; 
Table A.6, Water (310 K): p A , s = p g = l/v g = 1/22.93 = 0.0436 kg/m 3 , h fg = 2414 kJ/kg. 

ANALYSIS: (a) The evaporation rate from the towel is 

n A = V^s (PA,s — PA.oo ) 

where h m can be determined from the heat-mass transfer analogy, Eq. 6.92, with n = 1/3, 

/ \2/3 f _6 \ 2/3 

h 2/3 I a 1 / 3 / 22.5x10 0 / 3 

-= pc p Le / =pc p - = 1.614kg/rn xl007j/kg-K -— = 1062j/m -K 

hm ^ ^AB ) 0.26x10 

h m = 28.7 w/ m 2 ■ K/l062 j/m 3 ■ K = 0.0270m/s 
The evaporation rate is 

n A =0.0270m/sx(0.0925x0.0925)m 2 (0.0436-0)kg/m 3 = 1.00xl0~ 3 kg/s < 

(b) Performing an energy balance on the towel considering processes of evaporation, convection and 
radiation, find 

Ein — E ou t = 9conv — 9evap + 9rad = 0 
hA s (Tqq — T s ) — n A hfg + q ra( j = 0 

Orad = 1-OOxlO -3 kg/sx2414xl0 3 J/kg — 27.8 w/m 2 (0.0925 m) 2 (290 —310) K 

< 


Orad = 2414 W + 4.76 W = 28.9 W 


Continued... 






PROBLEM 6.66 (Cont.) 


The net radiation heat transfer to the towel is comprised of the absorbed irradiation and the net exchange 
between the surroundings and the towel, 

q ra d =«GA S + £A s <7 |T sur — T s j 

28.9 W = 0.96G (0.0925 m) 2 + 0.96x (0.0925 m) 2 5.67 x 10“ 8 w/m 2 • K 4 (300 4 - 310 4 ) K 4 
Solving, find the irradiation from the lamps, 

G = 3583 W/m 2 . < 

COMMENTS: (1) From the energy balance in Part (b), note that the heat rate by convection is 
considerably smaller than that by evaporation. 

(2) As we’ll learn in Chapter 12, the lamp irradiation found in Part (c) is nearly 3 times that of solar 
irradiation to the earth’s surface. 



PROBLEM 6.67 


KNOWN: Thin layer of water on concrete surface experiences evaporation, convection with ambient 
air, and radiation exchange with the sky. Average convection coefficient estimated as h = 53 W/m 2 K. 

FIND: (a) Heat fluxes associated with convection, q£ onv , evaporation, qe Va p , and radiation exchange 

with the sky, q/ ac j, (b) Use results to explain why the concrete is wet instead of dry, and (c) Direction 
of heat flow and the heat flux by conduction into or out of the concrete. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Vapor behaves as an ideal gas, (3) Constant 
properties, (4) Water surface is small compare to large, isothermal surroundings (sky), and (4) 
Applicability of the heat-mass transfer analogy. 

PROPERTIES: Table A.4 , Air (T f = (T„ + T s )/2 = 282.5 K): p = 1.243 kg/m 3 , c p = 1007 J/kg-K, a = 
2.019 xlO 5 m 2 /s; Table A.8, Water-air (T f = 282.5 K): D AB = 0.26 x 10 4 m 2 /s (282.5/298) 3/2 = 0.24 x 
10 4 m 2 /s; Table A.6, Water (T s - 275 K): p A , s = p g = l/v g = 1/181.7 = 0.0055 kg/m 3 , h fg = 2497 kJ/kg; 
Table A.6 , Water (T^ = 290 K): p A , s = 1/69.7 = 0.0143 kg/m 3 . 

ANALYSIS: (a) The heat fluxes associated with the processes shown on the schematic are 
Convection: 

q" onv =h(T oo -T s ) = 53w/m 2 K(290-275)K = +795w/m 2 < 

Radiation Exchange: 

9rad =£O-(T s 4 -T sky ) = 0.96x5.76xl0“ 8 w/m 2 • K 4 ^275 4 - 240 4 )k 4 =+131w/m 2 < 

Evaporation: 

9evap = n A h fg =-2.255xl0~ 4 kg/s ■ m 2 x2497xl0 3 J/kg =-563.1 w/m 2 < 

where the evaporation rate from the surface is 

n A = V (Pa,s - PA.oo ) = 0.050m/s (0.0055 - 0.7 x 0.0143) kg/m 3 = -2.255 x 10“ 4 kg/s • m 2 


Continued... 





PROBLEM 6.67 (Cont.) 


and where the mass transfer coefficient is evaluated from the heat-mass transfer analogy, Eq. 6.92, with n 
= 1/3, 


h T 2/3 
r = P c p Le = P c p 


f \2/3 

a 


‘m 


d ab 


: 1.243 kg/m 3 xl007J/kg-K 


4 A 2 / 3 

2.019x10 3 


0.26x10 


-4 


x m 


: 1058 j/m 3 ■ K 


h m = 53 w/m 2 ■ K/l058 j/m 3 ■ K = 0.050m/s 


(b) From the foregoing evaporation calculations, note that water vapor from the air is condensing on the 
liquid water layer. That is, vapor is being transported to the surface, explaining why the concrete surface 
is wet, even without rain. 

(c) From an overall energy balance on the water film considering conduction in the concrete as shown in 
the schematic, 

Ein-Eout =0 

Oconv — Oevap ~ Orad ~ Ocond = u 

// // // // 

Ocond = Oconv — c lcvap — C 1 rad 

Ocond = 1795 w/m 3 —(—563.1 w/m 2 ) —(+131 w/ m 2 ) =1227w/m 2 < 

The heat flux by conduction is into the concrete. 



PROBLEM 6.68 


KNOWN: Heater power required to maintain wetted (water) plate at 27°C, and average convection 
coefficient for specified dry air temperature, case (a). 

FIND: Heater power required to maintain the plate at 37°C for the same dry air temperature if the 
convection coefficients remain unchanged, case (b). 

SCHEMATIC: 


To, = 32°C 
h = 20 W/m 2 -K 
4*co = o 

Water film ^ 
A q = 0.2 m 2 


Clcv Oevap 

/ / / 


T s ,a = 27°C 


Case (a) 


Pe,a = 432 W 


Ocv Oevap 

LLl 

7 

Pph=? 


T« h = 37°C 


Case (b) 


ASSUMPTIONS: (1) Steady-state conditions, (2) Convection coefficients unchanged for different 
plate temperatures, (3) Air stream is dry at atmospheric pressure, and (4) Negligible heat transfer from 
the bottom side of the plate. 

PROPERTIES: Table A-6, Water (T s>a = 27°C = 300 K): p A;S = l/v g = 0.02556 kg/m 3 , h fg = 2.438 x 
10 6 J/kg; Water (T S;b = 37°C = 310 K): p A , s = l/v g = 0.04361 kg/m 3 , h fg = 2.414 x 10 6 J/kg. 

ANALYSIS: For case (a) with T s = 27°C and P e = 432 W, perform an energy balance on the plate to 
determine the mass transfer coefficient h m . 

^in - E OU { = 0 

Pe,a — (Oevap + Ocv ) A s = 0 
Substituting the rate equations and appropriate properties, 

Pe,a — ^m (PA,s — PA.oo )hfg + h a — Tqo ) A s =0 

432 W+ h m (().0256 kg/m 3 -o)x2.438xl0 6 J/kg + 

20 W/m 2 K(27-32)K x0.2 m 2 =0 

where p A s and hf g are evaluated at T s = 27°C = 300 K. Find, 

h m =0.0363 m/s 

For case (b), with T s = 37°C and the same values for h and h m , perform an energy balance to 
determine the heater power required to maintain this condition. 

Pe,b — h m (PA,s ~^)hfg + h(T s b — T^) As = ® 

P e b - 0.0363 m/s(0.04361-0)kg/m 3 x2.414xl0 6 J/kg + 

20 W/m 2 K(37-32)1x0.2 m 2 =0 


P e ,b=784 W 

where p A a and hf g are evaluated at T s = 37°C = 310 K. 


< 







PROBLEM 6.69 


KNOWN: Dry air at 32°C flows over a wetted plate of width 1 m maintained at a surface temperature of 
27°C by an embedded heater supplying 432 W. 


FIND: (a) The evaporation rate of water from the plate, n A (kg/h) and (b) The plate temperature T s when 
all the water is evaporated, but the heater power remains the same. 

SCHEMATIC: 



(a) Wetted plate (a) Dry p | ate 

ASSUMPTIONS: (1) Steady-state conditions, (2) Vapor behaves as an ideal gas, (3) Constant 
properties, and (4) Applicability of the heat-mass transfer analogy. 

PROPERTIES: Table A.4, Air (T f = (32 + 27)°C/2 = 302.5 K): p = 1.153 kg/m 3 , c p = 1007 J/kg-K, a = 
2.287 xlO 5 m 2 /s; Table A.8 , Water-air (T f » 300 K): D AB = 0.26 x 10 4 m 2 /s; Table A.6 , Water (T s = 
27°C = 300 K): p A , s = l/v g = 1/39.13 = 0.0256 kg/m 3 , h fg = 2438 kJ/kg. 


ANALYSIS: (a) Perform an energy balance on the wetted plate to obtain the evaporation rate, n A . 

Pin ~ E out =0 P e + q conv — Oevap = 0 

P e +hA s (T OQ -T s )-n A h fg =0 (1) 

In order to find h , invoke the heat-mass transfer analogy, Eq. (6.92) with n = 1/3, 


h 9/3 

— = pcLe =p c 
h,„ p 1 


( \ 2/ 3 
a ' 


V d ab j 


= 1.153kg/m 3 xl007 j/kg-K 


6 - 5 4 2/3 

2.287x10 


0.26x10 


-4 


= 1066j/m -K(2) 


The evaporation rate equation 
n A = V^s (PA,s — PA,oo ) 

Substituting Eqs. (2) and (3) into Eq. (1), find h m 

P e +|l066j/m Kh m |a s (T^ -T s ) —h m A s (p A ,s — PA,°o)hfg = 0 


(4) 


432 W + 


1066 J/m 3 • K (32 -27) K- (0.0256 -0)kg/m 3 x2438xl0 3 j/kg (0.200xl)m“ h m =0 


432 + [5330 - 62,413] x 0.20 h m = 0 
h m = 0.0378 m/s 
Using Eq. (3), find 


n A =0.0378m/s (0.200xl)m 2 (0.0256-0)kg/m 3 = 1.94xl0 _4 kg/s = 0.70kg/h < 

(b) When the plate is dry, all the power must be removed by convection, 

Pe = qconv = h A S (T S - Tj 

Assuming h is the same as for conditions with the wetted plate, 

T s = + P e /h A s = + P e /(I066h m ) A s 

T s = 32°C + 432Wy(l066x0.0378w/m 2 ■ Kx0.200m 2 ) = 85.6°C 


< 







PROBLEM 6.70 

KNOWN: Surface temperature of a 20-mm diameter sphere is 32°C when dissipating 2.51 W in a dry 
air stream at 22°C. 

FIND: Power required by the imbedded heater to maintain the sphere at 32°C if its outer surface has a 
thin porous covering saturated with water for the same dry air temperature. 

SCHEMATIC: 




T s = 32°C 


P = ? 

r e,w 

Water film 


ASSUMPTIONS: (1) Steady-state conditions, (2) Heat and mass transfer analogy is applicable, (3) 
Heat transfer convection coefficient is the same for the dry and wet condition, and (3) Properties of air 
and the diffusion coefficient of the air-water vapor mixture evaluated at 300 K. 

PROPERTIES: Table A-4, Air (300 K, 1 atm): p= 1.1614 kg/m 3 , c p = 1007 J/kg-K, a = 22.5 x 10 6 
m”/s; Table A-8, Water-air mixture (300 K, 1 atm): Da-b = 0.26 x 10 4 m7s; Table A-4 , Water (305 
K, 1 atm): p A . s - l/v g = 0.03362 kg/m 3 , h fg = 2.426 x 10 6 J/kg. 

ANALYSIS: For the dry case (d), perform an energy balance on the sphere and calculate the heat 
transfer convection coefficient. 

— ^out = Pe,d — Ocv = 0 ^e,d — h (^s — ) = 0 


2.51 W-hTT (0.020 m)^x(32-22)K = 0 h = 200 W/rn-K 

Use the heat-mass analogy, Eq. (6.67) with n = 1/3, to determine h m . 


ir =pCp 

11 m 


7 A2/3 

a ' 


D 


AB 


200 W / m • K 3 

-=-= 1.1614 kg/in X1007 J/kg-K 


■m 


h m =0.188 m/s 


/ r nf \2/3 

22.5x10° ni/s 

v 0.26xl0 6 m 2 /s 


For the wet case (wj, perform an energy balance on the wetted sphere using values for h and h m to 
determine the power required to maintain the same surface temperature. 

Ejn — E out — P ew — q cv —c levap — ^ 


^e,w [^(T s Tqo) + h m (pa,s PA,°o)^ fg J A s — 0 
P e w -^200 W/m 2 -K(32-22)K + 


0.188 m/s (0.03362 - 0)kg/m 3 x2.426x10” J / kg ^(0.020m)“ =0 


P e , w =21.8W < 

COMMENTS: Note that Pa, s and hf g for the mass transfer rate equation are evaluated at T s = 32°C = 
305 K, not 300 K. The effect of evaporation is to require nearly 8.5 times more power to maintain the 
same surface temperature. 




PROBLEM 6.71 


KNOWN: Operating temperature, ambient air conditions and make-up water requirements for a 
hot tub. 

FIND: Heater power required to maintain prescribed conditions. 


SCHEMATIC: 



ASSUMPTIONS: (1) Side wall and bottom are adiabatic, (2) Heat and mass transfer analogy is 
applicable. 

PROPERTIES: TableA-4, Air (T = 300K, 1 atm): p = 1.161 kg/m 3 , c p = 1007 J/kg-K, a 
6 2 

= 22.5x 10 m7s; Table A-6, Sat. water vapor (T = 310K): hf g = 2414 kJ/kg, PAsatOO = l/v g = 

(22.93m 3 /kg)' 1 = 0.0436 kg/m 3 ; (Too = 290K): p a sat(Too) = l/v„ = (69.7 n^/kg)' 1 = 0.0143 
3 6 2 & 

kg/m ; Table A-8, Air-water vapor (298K): Dab = 26 x 10 m7s. 

ANALYSIS: Applying an energy balance to the control volume, 

9elec = Oconv + Oevap = h ^ (T- T 00 ) + m eva p hf g (T). 


Obtain h A from Eq. 6.67 with n = 1/3, 


‘m 


11 A -pc p Le M 


h m A 


h A = h m A p CpLe 


2/3 


m 


evap 


PA,sat(T) 4*00 PA,sat (^oo) 


p CpLe 


2/3 


Substituting numerical values, 

Le =oc/Dab =f22.5xl0 _6 m 2 /s)/26xl0 _6 m 2 /s =0.865 


hA: 


---UfilixlOOT— 

[0.0436-0.3x0.0143] kg/m J m J 


kg-K 


(0.865) 


2/3 


hA = 27.0 W/K. 


Hence, the required heater power is 

q e iec = 27.0W/K (310 - 290) K + 10' 3 kg/s x 2414kJ/kg x lOOOJ/kJ 


q e iec = (540+ 2414) W = 2954 W. 
COMMENTS: The evaporative heat loss is dominant. 


< 




PROBLEM 6.72 


KNOWN: Water freezing under conditions for which the air temperature exceeds 0°C. 


FIND: (a) Lowest air temperature, Too, before freezing occurs, neglecting evaporation, (b) Hie 

mass transfer coefficient, h m , for the evaporation process, (c) Lowest air temperature, Xx>, before 
freezing occurs, including evaporation. 

SCHEMATIC: 



No evaporation With evaporation 

ASSUMPTIONS: (1) Steady-state conditions, (2) Water insulated from ground, (3) Water 
surface has £ = 1, (4) Heat-mass transfer analogy applies, (5) Ambient air is dry. 

PROPERTIES: Table A-4, Air (T f » 2.5°C » 276K, 1 atm): p = 1.2734 kg/m 3 , c p = 1006 

AO * 

J/kg-K, a = 19.3 x 10 m /s; Table A-6, Water vapor (273.15K): hf g = 2502 kJ/kg, p g = l/v g = 
4.847 x 10 3 kg/m 3 ; Table A-8 , Water vapor - air (298K): D A g = 0.26x 10 _4 m 2 / s. 

ANALYSIS: (a) Neglecting evaporation and performing an energy balance, 

Oconv -c lrad _ u 

h(T M -T s )-eo(T s 4 -T s 4 ky )=0 or T M =T s+ (e<J/h) (t 4 -^) 


t, =o°c+ 


Ix5.667xl0" 8 W/m 2 -K 4 


(0+273) 4 -(-30 + 273) 4 


25 W/m ■ K 

(b) Invoking the heat-mass transfer analogy in the form of Eq. 6.67 with n = 1/3, 


= 4.69°C. 


h T 2/3 

— = p c n Le 

k n 


2/3 


or h m =h/pCpLe where Lc = a/D A g 


4 m 


h m = 25 W/m z -K 1/1.273 kg/m z (1006 J/kg -K) 


19.3xl0" 6 m 2 /s 

0.26xl0“ 4 m 2 /s 


2/3 


=0.0238 m/s. 


(c) Including evaporation effects and performing an energy balance gives q'conv -c lrad -t levap = 0 


where q; vap = m h fg = h m (p A s - p A?00 ) h fg , p A s = p g and p A oo = 0. Hence, 

T„=T s + (eo/h)(T 4 -T 4 y )+(h m /h)(p g -0)h fg 

T„=4.69°C+ 00238 ™ /s x4.847xl0~ 3 kg/m 3 x2.502xl0 6 J/kg 
25 W/m 2 -K 


= 4.69°C+ 11.5°C= 16.2°C. 


< 





PROBLEM 6.73 


KNOWN: Wet-bulb and dry-bulb temperature for water vapor-air mixture. 

FIND: (a) Partial pressure, pa, and relative humidity, (f>, using Carrier’s equation, (b) pa and (J> 

using psychrometric chart, (c) Difference between air stream. Too, and wet bulb temperatures based 
upon evaporative cooling considerations. 


SCHEMATIC: 

—j -Air- (B) ■+■ waTer vapor (A), 

00 -•> Tdb = 37,S°C 


- corrv 


^4 


evap 


- 2 . 1.1 




ASSUMPTIONS: (1) Evaporative cooling occurs at interface, (2) Heat-mass transfer analogy 
applies, (3) Species A and B are perfect gases. 

PROPERTIES: Table A-6, Water vapor: pA,sat (21.1°C) = 0.02512 bar, pA,sat (37.8°C) = 
0.06603 bar, h f „ (21.1°C) = 2451 kJ/kg; Table A-4, Air (T am = [T WB + T DB ]/2 = 300K, 1 atm): 
a = 22.5 x 10 nf/s, c p = 1007 J/kg-K; Table A-8, Air-water vapor (298K): Dab = 0.26 x 10 

4 2 

m Is. 


ANALYSIS: (a) Carrier’s equation has the form 
(P-Pgw) ( t DB~ t Wb) 


Pv _ Pgw 


1810-T WB 


where p v = partial pressure of vapor in air stream, bar 

p gw = sat. pressure at TWB = 21.1°C, 0.02512 bar 
p = total pressure of mixture, 1.033 bar 
Tdb = dry bulb temperature, 37.8°C 
Twb = wet bulb temperature, 21.1°C. 

Hence, 


(l.013-0.02512)bar x (37.8-21.l)°C 
p v =0.02512 bar-- - 4— 4 — ---= 0.0142 bar. 


Hie relative humidity, c|), is then 
PA _ Pv 


=■ 


1810 —(21.1 + 273.1)K 
0.0142 bar 


PA,sat p A (37.8°c) 0.06603 bar 

(b) Using a psychrometric chart 
T WB = 21.1° C = 70°F 
T DB = 37.8°C =100°Fj 


0.214. 


« 0.225 


< 


< 


< 


Pv =( l ) Psat =0.225 x 0.06603 bar = 0.0149 bar. 


Continued 






PROBLEM 6.73 (Cont.) 


(c) An application of the heat-mass transfer analogy is the process of evaporative cooling which 
occurs when air flows over water. The change in temperature is estimated by Eq. 6.73. 


(rr (M A /M B )h fg [pA,sat( T s)_PA,c 

1*00 t s j 575 

c p Le 2/J L p p 


where c p and Le are evaluated at Tam = (Too + T s )/2 and p/^oo = p v , as determined in Part (a). 
Substituting numerical values, using Le = Cc/Dab, 


(Too-T s ) = 


(18 kg/kmol/29 kg/kmol) x 2451xl0 3 — rnMjni1 
v s 5 ’ kg [0.02491 bar 


1007 J/kg -K 


22.5xl0~ 6 m 2 /s 

0.26xl0" 4 m 2 /s 


1.013 bar 


0.0149 bar 
1.013 bar _ 


(Too — T s ) = 17.6°C. < 

Note that c p and a are associated with the air. 

COMMENTS: The following table compares results from the two calculation methods. 

Carrier’s Eq. Psychrometric Chart 

p v (bar) 0.0142 0.0149 


4> 0.214 0.225 

Evaporative Cooling Too - T s = 17.6°C 

Observed Difference Tfjg - T\\,'b = 16.7°C 

% Difference: 17 - 6 ~ 16 - 7 xlQQ = 5 4% 

16.7 



PROBLEM 6.74 


KNOWN: Wet and dry bulb temperatures. 
FIND: Relative humidity of air. 


SCHEMATIC: 




0 


CO 

T 00 = 4-5°C 


VS/eO-ed wick. 



■evap 


ASSUMPTIONS: (1) Perfect gas behavior for vapor, (2) Steady-state conditions, (3) Negligible 
radiation, (4) Negligible conduction along thermometer. 

PROPERTIES: Table A-4, Air (308K, 1 atm): p = 1.135 kg/m 3 , c p = 1007 J/kg-K, a = 23.7 x 

10 nf/s; Table A-6, Saturated water vapor (298K): v g = 44.25 m /kg, hf g = 2443 kJ/kg; (318K): 

v g = 15.52 m 3 /kg; Table A-8, Air-vapor (1 atm, 298K): Dab = 0.26 x 10 m 2 /s, Dab (308K) = 

-4 2 3/2 -4 2 

0.26x10 m/s x (308/298) =0.27 x 10 m Is, Le = cc/Dab = 0.88. 


ANALYSIS: From an energy balance on the wick, Eq. 6.71 follows from Eq. 6.68. Dividing Eq. 


6.71 by pA,sat(Too), 


T -T 

A oo A s 

PA,sat (Too) 



hm 


PA,sat(Ts) PA,°o 

. h _ 


_ PA,sat (Too) PA,sat (Too ) _ 


With [ p A,°o / P A,sat (Too) ] ~ poo for a perfect gas and h/h m given by Eq. 6.67, 

a _ PA,sat (T s ) P c p (rr ^ ^ 

l^r \ 2/3 , V lo ° 1 sj- 

PA,sat (Too ) Le J Pa, sat ( T oo )hfg 


Using the property values, evaluate 

PA,sat(Ts) _ v gToo _ 15.52 


0.351 


PA,sat (Too) v g (T s ) 44.25 
PA,sat (Too) = (l5.52 m 3 /kgj =0.064 kg/m 3 . 


Hence, 


poo = 0.351 - 


1.135 kg/m 3 (1007 J/kg-K) 
(0.88) 273 0.064 kg/m 3 (2.443xl0 6 J/kg) 

poo = 0.351-0.159= 0.192. 


(45-25)K 


COMMENTS: Note that latent heat must be evaluated at the surface temperature (evaporation 
occurs at the surface). 





PROBLEM 6.75 


KNOWN: Heat transfer correlation for a contoured surface heated from below while experiencing 
air flow across it. Flow conditions and steady-state temperature when surface experiences 
evaporation from a thin water film . 

FIND: (a) Heat transfer coefficient and convection heat rate, (b) Mass transfer coefficient and 
evaporation rate (kg/h) of the water, (c) Rate at which heat must be supplied to surface for these 
conditions. 


SCHEMATIC: 


T m =Z90K 

V =10 m/s 

0co=O 


Heat transfer correlation: Nu l - 0.43R Pr 0/4 



ASSUMPTIONS: (1) Steady-state conditions, (2) Heat-mass transfer analogy applies, (3) 
Correlation requires properties evaluated at Tf = (T s + Too)/2. 


PROPERTIES: Table A-4, Air (Tf = (T s + Too)/2 = (290 + 310)K/2 = 300 K, 1 atm): v = 
15.89 x 10 6 irf/s, k = 0.0263 W/m-K, Pr = 0.707; Table A-8, Air-water mixture (300 K, 1 atm): 
Dab = 0.26 x 10 4 rnVs; Table A-6, Sat. water (T s = 310 K): pA,sat = l/v g = 1/22.93 m 3 /kg = 
0.04361 kg/m 3 , h fg = 2414 kJ/kg. 


ANALYSIS: (a) To characterize the flow, evaluate ReL at Tf 


Re L = —: 

v 


10 m/sxl m 
15.89xl0' 6 m 2 /s 


= 6.293x10^ 


and substituting into the prescribed correlation for this surface, find 


0 58 

N^L = 0.43 (6.293 x10 s ) ' (0.707) 0 - 4 =864.1 

- Nu L k 864.1x0.0263 W/m-K __ _ w/ 2 ~ 

hL =-=-= 22.7 W/m ■ K 

L 1 m 


Hence, the convection heat rate is 


ficonv _ hj^A s (T s T^) 

q conv = 22.7 W/m 2 ■ Kx 1 m 2 (310 - 290) K = 454 W 


< 


< 


(b) Invoking the heat-mass transfer analogy 
ShL = = 0.43Re9- 58 Sc 0 ' 4 

Dab l 

where 


Sc = - 


Dab 


15.89xl0~ 6 m 2 /s 

0.26xl0' 4 m 2 /s 


= 0.611 


and v is evaluated at Tf. Substituting numerical values, find 


Continued 




PROBLEM 6.75 (Cont.) 


Sh L = 0.43(6.293 x10 5 )°' 58 (0.611) 0 ' 4 = 815.2 

h m = = 815.2x0.26 xlC+m+s = 2 12x 10 -2 ^ < 

L 1 m 

The evaporation rate, with p^ s = p a, sat (T s ), is 

m =h m A s ( Pa,s - Pa,oo ) 
m = 2.12xl0" 2 m/s xl m 2 (0.04361 - 0)kg/m 3 

m=9.243xl0' 4 kg/s = 3.32kg/h. < 

(c) The rate at which heat must be supplied to the plate to maintain these conditions follows from an 
energy balance. 



Ein E ou j-0 

Oin - Oconv _ Oevap = 0 

where qj n is the heat supplied to sustain the losses by convection and evaporation. 

9 in = 4conv +t levap 

4in = h L A s (T s -T*,) +mh fg 

q in =454 W + 9.243xl0" 4 kg/sx2414xl0 3 J/kg 

q in =(254+ 2231) W= 2685 W. < 

COMMENTS: Note that the loss from the surface by evaporation is nearly 5 times that due to 
convection. 




PROBLEM 6.76 

KNOWN: Thickness, temperature and evaporative flux of a water layer. Temperature of air flow 
and surroundings. 

FIND: (a) Convection mass transfer coefficient and time to completely evaporate the water, (b) 
Convection heat transfer coefficient, (c) Heater power requirement per surface area, (d) Temperature 
of dry surface if heater power is maintained. 

SCHEMATIC: 



n” = 0.03 kg/s-m 2 


T 00 = 300 K jL 

Tj?WvVWV\^^ 


Si = 2 mm 


Y777777777777777777777777777Y 

Pelec 


Water, T w = 340 K 
s w = 0.95 

Plate, s p = 0.60 


ASSUMPTIONS: (1) Steady-state, (2) Applicability of heat and mass transfer analogy with n = 1/3, 
(3) Radiation exchange at surface of water may be approximated as exchange between a small surface 

and large surroundings, (4) Air is dry (pA,oo = 0), (5) Negligible heat transfer from unwetted surface of 
the plate. 

PROPERTIES: TableA-6, Water (T w = 340K): p f = 979 kg/m 3 , p A sat = v” 1 = 0.174kg/m 3 , 
h fg = 2342 kJ / kg. Prescribed, Air: p = 1.08 kg/m 3 , c p = 1008 J/kg-K, k = 0.028 W/m-K. Vapor/Air: 
D AB = 0.29 x 10 4 m 2 /s. Water: £ w = 0.95. Plate: £ p = 0.60. 

ANALYSIS: (a) The convection mass transfer coefficient may be determined from the rate equation 
n A = h m (pA,s “PA.-), where p A s = p A sat (T w ) and p A>00 = 0. Hence, 


h 


m 


" \ 

PA,sat 


0.03 kg/s-m 2 
0.174kg/m 3 


0.172m/s 


< 


The time required to completely evaporate the water is obtained from a mass balance of the form 
-n A = Pf d<5 / dt, in which case 

p f j“ d «=-n' A j ( J dt 


p f 8 { _ 979 kg /m 3 (0.002m) 
n A 0.03 kg/sm 2 


(b) With n = 1/3 and Le = a/D AB = k/pc p D AB = 0.028 W/m-K/(1.08 kg/m 3 X 1008 J/kg-K x 0.29 x 
-4 2 

10 m /s) = 0.887, the heat and mass transfer analogy yields 


h = 


kh 


m 


D AB Le 1/3 


0.028 W/m - K(0.172 m/s) 9 

-2-—= 173W/ m z ■ K 

0.29xl0“ 4 m 2 /s(0.887) 1/3 


< 


The electrical power requirement per unit area corresponds to the rate of heat loss from the water. 
Hence, 
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PROBLEM 6.76 (Cont.) 


P elec — c lcvap + c lconv + c l rad — n A h fg + h (T\v Too ) + ^w* 7 (T\v T sur j 

Pglec = 0.03kg/s-m 2 ^2.342x 10 6 J/kgj + 173W/m 2 ■ K(40K) + 0.95X5.67X 10 _8 W/m 2 ■ K 4 ^340 4 -300 4 j 

p elec =70,260W/m 2 +6920W/m 2 + 284W/m 2 =77,464W/m 2 

(c) After complete evaporation, the steady-state temperature of the plate is determined from the 
requirement that 


P elec ~ h (Tp j + £pd ^Tp T sur j 

77,464W/m 2 =173W/m 2 K(T p -300) + 0.60x5.67x10“ 8 W/m 2 K 4 (t 4 -300 4 ) 


T p = 702K = 429°C < 

COMMENTS: The evaporative heat flux is the dominant contributor to heat transfer from the water 
layer, with convection of sensible energy being an order of magnitude smaller and radiation exchange 
being negligible. Without evaporation (a dry surface), convection dominates and is approximately an 
order of magnitude larger than radiation. 



PROBLEM 6.77 

KNOWN: Heater power required to maintain water film at prescribed temperature in dry ambient 
air and evaporation rate. 

FIND: (a) Average mass transfer convection coefficient h m , (b) Average heat transfer convection 
coefficient h, (c) Whether values of h m and h satisfy the heat-mass analogy, and (d) Effect on 
evaporation rate and disc temperature if relative humidity of the ambient air were increased from 0 to 
0.5 but with heater power maintained at the same value. 

SCHEMATIC: 



T x> =Z95K 

0co = O 


r 

i 
i 
i 


/ 


n A =Z.SSxlO ^kgjhr 


f=j-T s =305K 

_N —Disk, D-ZOm 


m 




ASSUMPTIONS: (1) Water film and disc are at same temperature; (2) Mass and heat transfer 
coefficient are independent of ambient air relative humidity, (3) Constant properties. 

PROPERTIES: Table A-6, Saturated water (305 K): v g = 29.74 nfVkg, hf„ = 2426 x 10 3 J/kg; 
Table A-4, Air (T = 300 K, 1 atm): k = 0.0263 W/m-K, a = 22.5 x 10 6 nf/s, Table A-8, Air- 

water vapor (300 K, 1 atm): Dab = 0-26 x 10 4 m7s. 

ANALYSIS: (a) Using the mass transfer convection rate equation, 

n A = ( PA,s - PA,°o) = V^s PA,sat 0 — Poo) 


and evaluating pA,s = PA,sat (305 K) = l/v g (305 K) with (f> oo PA, OO — 0, fmd 


- 


hm 


n A 


^s(pA,S PA,oo) 

2.55 xl0~ 4 kg/hr/ (3600s/hr) 

7t (0.020 m) 2 / 4) (1/29.74-0)kg/m 3 


•=6.71x10 3 m/s. 


(b) Perform an overall energy balance on the disc, 

9 = c lconv + Oevap = hA s (T s - ) + n Ahfg 

and substituting numerical values with hf g evaluated at T s , find h: 

200xlO -3 W = h7t (0.020 m) 2 / 4(305-295)K+ 7.083xlO' 8 kg/sx2426xl0 3 J/kg 
h = 8.97 W/m 2 K. < 


Continued 







PROBLEM 6.77 (Cont.) 


(c) The heat-mass transfer analogy, Eq. 6.67, requires that 


'm 


7 ’ 'DabY 73 

V ^ ) 


d ab 


a 


Evaluating k and Dab at T = (T s + ) / 2 = 300 K and substituting numerical values, 


8.97 W/m • K _ 0.0263 W/m-K 

6.71X10' 3 m/s 


0.26xlO" 4 m 2 /s 


0.26x10 4 m 2 /s ^ 
22.5xl0' 6 m 2 /s 


1/3 


= 1061 


Since the equahty is not satisfied, we conclude that, for this situation, the analogy is only 
approximately met (~ 30%). 


(d) If (])oo = 0.5 instead of 0.0 and q is unchanged, nA will decrease by nearly a factor of two, as will 
n Ahfg = qevap- Hence, since q CO nv must increase and h remains nearly constant, T s - Too must 
increase. Hence, T s will increase. 

COMMENTS: Note that in part (d), with an increase in T s , hf g decreases, but only slightly, and 
PA,sat increases. From a trial-and-error solution assuming constant values for h m and h, the disc 

temperature is 315 K for (f><>o = 0.5. 



PROBLEM 6.78 


KNOWN: Power-time history required to completely evaporate a droplet of fixed diameter 
maintained at 37° C. 

FIND: (a) Average mass transfer convection coefficient when droplet, heater and dry ambient air 
are at 37°C and (b) Energy required to evaporate droplet if the dry ambient air temperature is 27°C. 

SCHEMATIC: 



ASSUMPTIONS: (1) Wetted surface area of droplet is of fixed diameter D, (2) Heat-mass 
transfer analogy is applicable, (3) Heater controlled to operate at constant temperature, T s = 37°C, 
(4) Mass of droplet same for part (a) and (b), (5) Mass transfer coefficients for parts (a) and (b) are 
the same. 

PROPERTIES: Table A-6, Saturated water (37°C = 310 K): hf g = 2414 kJ/kg, pA,sat = 1 /Vg = 
1/22.93 = 0.04361 kg/m 3 ; Table A-8, Air-water vapor (T s = 37°C = 310 K, 1 atm): Dab = 0.26 

AO 0 /O A O 

x 10' m7s(310/289) = 0.276 x 10' m /s; Table A-4, Air (T = (27 + 37)°C/2 = 305 K, 1 

o AO 

atm): p = 1.1448 kg/m , c p = 1008 J/kg-K, v = 16.39 x 10' m7s, Pr = 0.706. 

ANALYSIS: (a) For the isothermal conditions (37°C), the electrical energy Q required to 
evaporate the droplet during the interval of time At = t e follows from the area under the P-t curve 
above, 

t e r -| 

Q= f Pdt = 20xl0 -3 Wx(50x60)s + 0.5x20xl0" 3 W(100-50)x60s 

J o L J 

Q = 90 J. 

From an overall energy balance during the interval of time At = t e , the mass loss due to evaporation 
is 

Q = Mhfg or M = Q/hfg 
M = 90 J/2414xl0 3 J/kg = 3.728xl0' 5 kg. 

To obtain the average mass transfer coefficient, write the rate equation for an interval of time At = t e , 
M = m- t e = h m A s (p a,s — P A,°° ) ' t e = h m A s p a,s (l~^ ) 't e 

Substituting numerical values with (|)oo = 0, find 

3.278xl0 -5 kg = h m (ft (0.004 m) 2 /4|o.04361 kg/m 3 x(l00x60)s 
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PROBLEM 6.78 (Cont.) 


h m = 0.0113 m/s. " 

(b) The energy required to evaporate the droplet of mass M = 3.728 x 10 ^ kg follows from an 
overall energy balance, 

Q = Mhfg + hA s (% - T^) 

where h is obtained from the heat-mass transfer analogy, Eq. 6.67, using n = 1/3, 

h k T 2/3 

— = p c n Le 
n r P 


1)43 Lc 


where 


Sc: 


v 16.39xl0 -6 m 2 /s 


d AB 0.276 xl0' 4 m 2 /s 


0.594 


T Sc 0.594 AO/11 

Le = — =-=0.841. 

Pr 0.706 


Hence, 


2/3 


h = 0.0113 m/s x 1.1448 kg/nr 3 x 1008 J/kg ■ K (0.841)' = 11.62 W/m z ■ K. 


and the energy requirement is 

Q = 3.728xl0" 5 kgx2414 kJ/kg + 11.62 W/m 2 ■ k(tc (0.004 m) 2 /4)(37-27)°C 
Q = (90.00+0.00145) J = 90 J. < 


The energy required to meet the convection heat loss is very small compared to that required to 
sustain the evaporative loss. 



PROBLEM 6.79 


KNOWN: Initial plate temperature T p (0) and saturated air temperature (Too) in a dishwasher at the 

F 2 
start of the dry cycle. Thermal mass per unit area of the plate Mc/A s = 1600 J/m K. 

FIND: (a) Differential equation to predict plate temperature as a function of time during the dry cycle 
and (b) Rate of change in plate temperature at (he start of the dry cycle assuming the average 
convection heat transfer coefficient is 3.5 W/nr-K. 


SCHEMATIC: 



^evap , 


Plate, M, c, A s 
Mc/A s =1600J/mZ -K 

T p (+),T p (0) = 6S°C 


ASSUMPTIONS: (1) Plate is spacewise isothermal, (2) Negligible thermal resistance of water film 
on plate, (3) Heat-mass transfer analogy applies. 

PROPERTIES: Table A-4, Air (T =(55 + 65)°C/2 = 333 K, 1 atm): p = 1.0516 kg/m, c v = 1008 

6 2 * 

J/kg-K, Pr = 0.703, v = 19.24x 10 m /s; Table A-6, Saturated water vapor, (T s = 65°C = 338 K): p A 

= 1/va = 0.1592 kg/m 3 , h fg = 2347 kJ/kg; (T s = 55°C = 328 K): p A = l/v„ = 0.1029 kg/m ; Table A-8, 
6 6 -4 2 6 3/2 4 

Air-water vapor (T s = 65°C = 338 K, 1 atm): Dab = 0-26 x 10 m /s (338/298) = 0.314 x 10" 

2 . 

m Is. 


ANALYSIS: (a) Perform an energy balance on a rate basis on the plate, 

Ein ~E ou t =E s j Oconv _c levap = (Mc/A s )(dTp/dt j. 

Using the rate equations for the heat and mass transfer fluxes, find 

h^Too - Tp (t)J— h m [p A ,s (^s) _ P A,°° (Too)]hfg = (Mc/A s )(dT/dt). < 


(b) To evaluate the change in plate temperature at t = 0, the start of the drying process when Tp (0) = 

— — 2 

65°C and Too = 55°C, evaluate h m from knowledge of h = 3.5 W/m • K using the heat-mass 
transfer analogy, Eq. 6.67, with n = 1/3, 


h T 2/3 

^=p c p Le ^ 


P c 


f Sc 


P 


‘m 


\2/3 


v Pr 7 


P c 


P 


v /Dab 

Pr 


\2/3 


and evaluating thermophysical properties at their appropriate temperatures, find 


3.5 W/m“-K . 3 lnno T; . T .| 

-=-= 1.0516 kg/rn' x!008 J/kg- Ki 


/ t o -it n2/3 

19.24x10'^m” /s/0.314xl0^m“ /s 

0.703 


h m = 3.619x10 m/s. 


v ) 

Substituting numerical values into the conservation expression of part (a), find 

3.5 W/nr-K(55-65)°C-3.619xl0' 3 m/s(0.1592-0.1029)kg/m 3 x2347xl0 3 J/kg =1600 J/m 2 ■ K(dT p /dt) 


dTp /dt = -[35.0 + 478.2]W/m 2 ■ K/1600 J/m 2 ■ K = -0.32 K/s. < 

COMMENTS: This rate of temperature change will not be sustained for long, since, as the plate 
cools, the rate of evaporation (which dominates the cooling process) will diminish. 



PROBLEM 7.1 


KNOWN: Temperature and velocity of fluids in parallel flow over a flat plate. 


FIND: (a) Velocity and thermal boundary layer thicknesses at a prescribed distance from the leading 
edge, and (b) For each fluid plot the boundary layer thicknesses as a function of distance. 


SCHEMATIC: 


c /TlukD 

t/oo — 1 m/s " 
T f = 300 K 



0.04 m 


ASSUMPTIONS: (1) Transition Reynolds number is 5 x 10 5 . 

PROPERTIES: Table A.4, Air (300 K, 1 atm): V = 15.89 x 10 6 m 2 /s, Pr = 0.707; Table A.6, Water 
(300 K): v = p/p = 855 x 10 6 N s/m 2 /997 kg/m 3 - 0.858 x 10 6 m 2 /s, Pr = 5.83; Table A.5 , Engine Oil 
(300 K): v = 550 x 10 6 m 2 /s, Pr = 6400; Table A.5, Mercury (300 K): v = 0.113 x 10 6 m 2 /s, Pr = 
0.0248. 


ANALYSIS: (a) If the flow is laminar, the following expressions may be used to compute 8 and 8 t , 

respectively, 






c 5x 

o = ———— 

s t = f 

Fluid 

Re x 

8 (mm) 

8, (mm) 

Re!/ 2 

Pr 1/3 

Aii- 

2517 

3.99 

4.48 

where 


Water 

4.66 x 10 4 

0.93 

0.52 

o / 

Oil 

72.7 

23.5 

1.27 

u M x 1 m/s (0.04 m) 

Re x = 

0.04m /s 

Mercury 

3.54 x 10 5 

0.34 

1.17 


V V V 


(b) Using IHT with the foregoing equations, the boundary layer thicknesses are plotted as a function of 
distance from the leading edge, x. 



COMMENTS: (1) Note that 8 ~ 5 t for air, 8 > 8 t for water, 8 » 8 t for oil, and 8 < 8, for mercury. As 
expected, the boundary layer thicknesses increase with increasing distance from the leading edge. 

(2) The value of 8, for mercury should be viewed as a rough approximation since the expression for 8/8, 
was derived subject to the approximation that Pr > 0.6. 





PROBLEM 7.2 


KNOWN: Temperature and velocity of engine oil. Temperature and length of flat plate. 

FIND: (a) Velocity and thermal boundary layer thickness at trailing edge, (b) Heat flux and surface 
shear stress at trailing edge, (c) Total drag force and heat transfer per unit plate width, and (d) Plot the 
boundary layer thickness and local values of the shear stress, convection coefficient, and heat flux as a 
function of x for 0 < x < 1 m. 


SCHEMATIC: 

c ^Engine pip * 

Uoo- 0.1 m/s TZ 
TT = 100 °C 

ASSUMPTIONS: (1) Critical Reynolds number is 5 x 10 5 , (2) Flow over top and bottom surfaces. 

PROPERTIES: Table A.5, Engine Oil (T f = 333 K): p = 864 kg/m 3 , V = 86.1 x 10 6 m 2 /s, k = 0.140 
W/m-K, Pr = 1081. 



ANALYSIS: (a) Calculate the Reynolds number to determine nature of the flow, 


Re L = 


UqqL 

v 


O.lm/sxlm 

86.1xl(T 6 m 2 /s 


= 1161 


Hence the flow is laminar at x = L, from Eqs. 7.19 and 7.24, and 

<5 =5LRe“ 1/2 =5(lm)(ll6l)~ 1/2 =0.147m < 

<5 t =<SPr~ 1/3 =0.147m(l08l)~ 1/3 =0.0143m < 


(b) The local convection coefficient, Eq. 7.23, and heat flux at x = L are 


h L = —0.332Rej /2 Pr 1/3 = Q - 14QW / m - K o,332(116l) 1/2 (I08l) 1/3 = 16.25 w/m 2 ■ K 
L L lm 

q'x = h L (T s -Too) = 16.25 w/m 2 ■ K(20-100)° C = -1300 w/m 2 < 


Also, the local shear stress is, from Eq. 7.20, 

%L = P^0.664Re[ 1/2 = 864k ^/ m3 (0.1 m / S ) 2 0.664(1161)- 1/2 

t s , l =0.0842 kg/m-s 2 =0.0842 N/m 2 < 

(c) With the drag force per unit width given by D’ = 2Lf s p where the factor of 2 is included to account 
for both sides of the plate, it follows that 

D / = 2L(pui/2)l.328Re£ 1/2 = (lm)864kg/m 3 (O.lm/s) 2 /2 1.328(116l) _1/2 =0.337N/m < 

For laminar flow, the average value hp over the distance 0 to L is twice the local value, h L , 

h L = 2hp= 32.5 w/m 2 K 

The total heat transfer rate per unit width of the plate is 

q = 2Lhp (T s - ) = 2 (1 m) 32.5 w/m 2 ■ K (20 -100)° C = -5200 W/m < 


Continued... 



PROBLEM 7.2 (Cont.) 


(c) Using IHT with the foregoing equations, the boundary layer thickness, and local values of the 
convection coefficient and heat flux were calculated and plotted as a function of x. 



Distance from leading edge, x (m) 


- BL thickness, deltax * 10 (mm) 

—*— Convection coefficient, hx * 100 (N/m A 2) 
- O" Heat flux, - q"x (w/m A 2) 


COMMENTS: (1) Note that since Pr » 1, 8 » 8 t . That is, for the high Prandtl liquids, the velocity 
boundary layer will be much thicker than the thermal boundary layer. 


(2) A copy of the IHT Workspace used to generate the above plot is shown below. 

// Boundary layer thickness, delta 

delta = 5 * x * Rex A -0.5 
delta_mm = delta * 1000 

delta_plot = delta_mm * 10 // Scaling parameter for convenience in plotting 

// Convection coefficient and heat flux, q"x 

q"x = hx * (Ts - Tint) 

Nux = 0.332 * Rex A 0.5 * Pr A (1/3) 

Nux = hx * x / k 

hx_plot = 100 * hx // Scaling parameter for convenience in plotting 

q"x_plot = (-1 ) * q"x // Scaling parameter for convenience in plotting 

// Reynolds number 

Rex = uinf * x / nu 


: From Table A.5 


// Properties Tool: Engine oil 

// Engine Oil property functions 
// Units: T(K) 

rho = rho_T("Engine Oil",Tf) 
cp = cp_T("Engine Oil",Tf) 
nu = nu_T("Engine Oil”,Tf) 
k = k_Tf'Engine Oil",Tf) 

Pr = Pr_T("Engine Oil",Tf) 


// Density, kg/m A 3 
// Specific heat, J/kg-K 
// Kinematic viscosity, m A 2/s 
//Thermal conductivity, W/m-K 
// Prandtl number 


// Assigned variables 

Tf = (Ts + Tint) / 2 
Tint = 100 + 273 
Ts = 20 + 273 
uinf = 0.1 
x = 1 


// Film temperature, K 
// Freestream temperature, K 
// Surface temperature, K 
// Freestream velocity, m/s 
// Plate length, m 




PROBLEM 7.3 


KNOWN: Velocity and temperature of air in parallel flow over a flat plate. 


FIND: (a) Velocity boundary layer thickness at selected stations. Distance at which boundary layers 
merge for plates separated by H = 3 mm. (b) Surface shear stress and v(8) at selected stations. 

SCHEMATIC: 


U w =Z5m/s 

Tco-ZOOK 



ASSUMPTIONS: (1) Steady flow, (2) Boundary layer approximations are valid, (3) Flow is laminar. 

o AO 

PROPERTIES: Table A-4, Air (300 K, 1 atm): p = 1.161 kg/m , v = 15.89 x 10"’m /s. 


ANALYSIS: (a) For laminar flow, 
5x 5 


8 = 


p 1/2 / , \l/2 

Re x (Uoo/v) 


x 1/2 =■ 


5x 


1/2 


25 m/s/15,89xl0" 6 m 2 /s 


d/2 


= 3.99xlO -3 x 1/2 . 


x (m) 0.001 0.01 0.1 

8 (mm) 0.126 0.399 1.262 

Boundary layer merger occurs at x = x m when 8 = 1.5 mm. Hence 


, 1/2 


0.0015 m 


x m = 


3.99xlO' 3 m 1/2 


= 0.376 m 


1/2 


x m = 141 mm. 


(b) The shear stress is 

~..2 /o 


X s,x =0.664 

Ref 

/ A , \ 1 / 2 1/2 

(Uoo/v) x 

x( m ) 

0.001 

0.01 

0.1 

^s,x(N/m 2 ) 

6.07 

1.92 

0.61 


0.664x1.161 kg/m 3 (25 m/s) /2 _ 0.192 


25 m/s/15.89xl0' 6 m 2 /: 


1/2 


1/2 


,1/2 


1/2 

The velocity distribution in the boundary layer is v = (1/2) (vu°o/x) (T|df/dr| - f). At y = 8, T| ~ 5.0, f 
- 3.24, df/dp - 0.991. 

0.5 ‘ * * \ 1/2 


,1/2 


(l5.89xl0 -6 m 2 / sx 25 m/sj (5.0x 0.991-3.28) = (o.0167/x 1/2 )m/s. 


v = 

x(m) 0.001 0.01 0.1 

v(m/s) 0.528 0.167 0.053 


COMMENTS: (1) v « u>o and 8 « x are consistent with BL approximations. Note, v —> °° as x 
—> 0 and approximations breakdown very close to the leading edge. (2) Since Re x m = 2.22x10 3 , 
laminar BL model is valid. (3) Above expressions are approximations for flow between parallel plates, 
since duoo/dx > 0 and dp/dx < 0. 



PROBLEM 7.4 


KNOWN: Liquid metal in parallel flow over a flat plate. 
FIND: An expression for the local Nusselt number. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady, incompressible flow, (2) 8 « 5 t , hence u(y) ~ Uoo, (3) Boundary layer 
approximations are valid, (4) Constant properties. 

ANALYSIS: The boundary layer energy equation is 


d T 

u-1- v 

d x 


d T d 2 T 

- 2 ~' 

d y d y 2 


Assuming u(y) = Uoo, it follows that v = 0 and the energy equation becomes 



r) T _ « d 2 T 
3 x Uoo d y 2 


Boundary Conditions: T(x,0) = T s , T(x,°°) = Too. 


Initial Condition: T(0,y) = Too. 

The differential equation is analogous to that for transient one-dimensional conduction in a plane wall, 
and the conditions are analogous to those of Fig. 5.7, Case (1). Hence the solution is given by Eqs. 

5.57 and 5.58. Substituting y for x, x for t, Too for Tj, and a/uoo for a, the boundary layer temperature 
and the surface heat flux become 



, r ~ii / 2 

1 p U^X CpP 

7t 1/2 |_ fl k . 


Nu x = 0.564 (Re^r) 1 /2 = 0.564 Pe 1/2 < 

where Pe = Re ■ Pr is the Peclet number. 

COMMENTS: Because k is very large, axial conduction effects may not be negligible. That is, the 
2 2 

a d T/dx term of the energy equation may be important. 




PROBLEM 7.5 

KNOWN: Form of velocity profile for flow over a flat plate. 

FIND: (a) Expression for profile in terms of Uoo and 8, (b) Expression for S(x), (c) Expression for 

Cf, x . 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady state conditions, (2) Constant properties, (3) Incompressible flow, (4) 
Boundary layer approximations are valid. 

ANALYSIS: (a) From the boundary conditions 

u (x,0) = 0 —>Q =0 and u (x,8 ) = u,*, —> C 2 = u^/ 8. 




PROBLEM 7.6 


KNOWN: Velocity and temperature profiles and shear stress-boundary layer thickness relation for 
turbulent flow over a flat plate. 

FIND: (a) Expressions for hydrodynamic boundary layer thickness and average friction coefficient, 
(b) Expressions for local and average Nusselt numbers. 


SCHEMATIC: 


^ 00)^00 



ASSUMPTIONS: (1) Steady flow, (2) Constant properties, (3) Fully turbulent boundary layer, (4) 
Incompressible flow, (5) Isothermal plate, ( 6 ) Negligible viscous dissipation, (7) 8 ~ S t . 

ANALYSIS: (a) The momentum integral equation is 


2 d r 5 

p u °° i L 
dx o 


1- 


u 


V u °° J 


u 


dy = x s . 


Substituting the expression for the wall shear stress 

1/7 


2 d r § 

P Uoo— J 
dx o 


1- 


fyA 1/7 

v^y 


fy7 

V 8 y 


f c \—1/4 


dy = 0.0228 p u^ 


v v y 


_d_ j 8 

dx 0 


d/7 


f 


V s y 


2/7 


, d 
dy= * 

-1/4 


7 y 8/7 7 y 


9/7 3 


8 § I / 7 9g 2/7 


d 

f 7 7 3 

- 8--8 

= 0.0228 

( uj " 

dx 

l 8 9 J 


l v J 


7 d 8 
72 dx 


= 0.0228 


'v_] 

r/^t 

8- 1/4 

— I § 8 1/4 d 8 =0.0228 


v U °° y 


72 0 



1/4 


—x—8 5/4 =0.0228 
72 5 


( v ^ 1M 


y Uqo j 


X, 


8 = 0.376 


( d/5 

1 V ' 


y Uqo j 


A 

I dx 
o 


x 4/5 , — =0.376Re x 1/5 . < 
x 


Knowing 8 , it follows 

Tg =0.0228 pu 

Cf, x "^ L - 


Vi/4 


„ 2 /0 
p Uoo/2 


u 


v v y 


- 0.045 6 


0.376 x Re “ 1/5 


-1/4 



f \ 

-1/5 1 

0.376 — 

Uqo 

xx - 1/5 

V 

V , 



v y 



-1/4 


= 0.0592 Re 


1/5 


Continued 




PROBLEM 7.6 (Cont.) 


The average friction coefficient is then 

C fx =- I X C fx dx =-0.0592 (—) J 
’ x o I,x x 


Cf,X 


1 


Vi/5 


0.0592 


u 


V V 7 


,4/5 


V v 7 
f « A 


V 4 7 


X x- 1/5 dx 

o 


0.074 Re: 


-1/5 


(b) The energy integral equation for turbulent flow is 

d f 5 t ( > q v s h 

— J u (Too -Tjdy = -^- = - 

dx 0 p Cp p Cp 


(Ts-Too). 


Hence, 


d r 5 t U T-Too d r 5t , /5 . xl/7 r, / /s a/7 

Uoo— J — - - dy = U TO — J (y/8) l-(y/S t ) 
dx o Uoo T s - dx o L 


dy 


P 


u c 


7 8 t 8/7 7 8 8/7 


dx 

or, with c, =8 t /8. 


8 §1/7 9 § 


1/7 


P c r 


u c 


dx 


7 gs 8/7 _Z§P 8/7 

8 ^ 9^ 


P c r 


u A fAsE 8 ' 7 

" dx (.72 ? 


P c r 


Hence, with £ ~ 1 and S/x = 0.376 Re 


-1/5 

X ’ 


7 fu vl/5 d(x 4/5 ) 

— Uoo (0.376) ' 00 > 17 


72 


v v ; 


dx 


P c 


P 


h = 0.0292 p CpUoo Re x 1/5 =0.0292 - - Re^ 175 


x a v 


Nu x = — = 0.0292 Re 475 Pr. 
k 


Hence, 


r 1 r x , , 0.0292 Pr , 

h x = — J h dx = -k 


x o 


f u 3 475 

u oo 

V V 7 


t x -175 dx = 0.0292 - Pr 
o x 


u m x 


a 4/5 


V V 7 


= Vi =0.037 Re 475 Pr. 

X 1, A 


COMMENTS: (1) The foregoing results are in excellent agreement with empirical correlations, 
1/3 

except that use of Pr instead of Pr, would be more appropriate. 


(2) Note that the 1/7 profile breaks down at the surface. For example, 

2FA21 =I 8 - |/7 y-® 7 ^ 

d y „ 7 

J Jy-0 


or x s = °o. Despite this unreahstic characteristic of the profile, its use with integral methods provides 
excellent results. 



PROBLEM 7.7 


KNOWN: Parallel flow over a flat plate and two locations representing a short span X| to X 2 where 
(X2 - xi) « L. 


FIND: Three different expressions for the average heat transfer coefficient over the short span X| to 
x 2> hf-2- 


SCHEMATIC: 


T^u 


00 > u 00 


~ 


n 


%-z 


Lx 


X 1 *2 



ASSUMPTIONS: (1) Parallel flow over a flat plate. 

ANALYSIS: The heat rate per unit width for the span can be written as 

q , l-2=hi-2( x 2- x l)(r s -T 00 ) (1) 

where h |_2 is the average heat transfer coefficient over the span and can be evaluated in either of 
the following three ways: 

(a) Local coefficient at x = (x | + X 2 ) /2. If the span is very short, it is reasonable to assume that 

hf-2 - h* (2) 

where h^ is the local convection coefficient at the mid-point of the span. 

(b) Local coefficients at x / and X2- If the span is very short it is reasonable to assume that li\-2 is 
the average of the local values at the ends of the span, 

hl-2=[hxl + hx2f2. < 3 > 

(c) Average coefficients for x / and X2- The heat rate for the span can also be written as 

qi-2 = qo-2 -qo-i ( 4 ) 

where the rate qo- x denotes the heat rate for the plate over the distance from 0 to x. In terms of heat 
transfer coefficients, find 

hf_ 2 ( x 2 - x i)= h 2 'X 2 -hpx 1 

hf-2 = h 2 ——-ffi ——— (5) 

x 2 - x i x 2 _ X 1 

where tq and h 2 are the average coefficients from 0 to x| and X 2 , respectively. 

COMMENTS: Eqs. (2) and (3) are approximate and work better when the span is small and the 
flow is turbulent rather than laminar (h x ~ x vs h x ~ x ). Of course, we require that Xc < x|. 

X 2 or Xc > x|, X 2 ; that is, the approximations are inappropriate around the transition region. Eq. (5) 
is an exact relationship, which applies under any conditions. 



PROBLEM 7.8 


KNOWN: Flat plate comprised of rectangular modules of surface temperature T s , thickness a and 
length b cooled by air at 25°C and a velocity of 30 m/s. Prescribed thermophysical properties of the 
module material. 

FIND: (a) Required power generation for the module positioned 700 mm from the leading edge of the 
plate and (b) Maximum temperature in this module. 


SCHEMATIC: 



ASSUMPTIONS: (1) Laminar flow at leading edge of plate, (2) Transition Reynolds number of 5 x 
10 , (3) Heat transfer is one-dimensional in y-direction within each module, (4) q is uniform within 
module, (5) Negligible radiation heat transfer. 

PROPERTIES: Module material (given): k = 5.2 W/m-K, c p = 320 J/kg-K, p = 2300 kg/iif*; Table 
A-4, Air (T f = (T s +T ao )/2 = 360 K, 1 atm): k = 0.0308 W/mK, v = 22.02 x 10" 1 m /s, Pr = 0.698. 


ANALYSIS: (a) The module power generation follows from an energy balance on the module 
surface, 

// 

c lconv = c lgcn 

Ttrr T. \ • h (T S — Too) 

h(T s -T^) = q- a or q =-. 

a 

To select a convection correlation for estimating h, first find the Reynolds numbers at x = L. 


Re L = 


UqqL 

v 


30 m/s x 0.70 m 
22 .02xl0' 6 m 2 /s 


9.537X10 5 . 


Since the flow is turbulent over the module, the approximation h ~ h x (L + b/2) is appropriate, with 


Re L+b/2 = 


30 m/s x (0.700 + 0.050/2) m 
22.02 xl0' 6 m 2 /s 


9.877x10 s 


Using the turbulent flow correlation with x = L + b/2 = 0.725 m, 

Nu x = ^ = 0.0296Re^ /S Pr 1/3 
k 

/ ^ \ 4/5 i it. 

Nu x = 0.0296 (9.877 xlO 3 J (0.698) = 1640 

r , Nu x k 1640x0.0308 W/m-K 2 „ 

h~h Y = -— =-= 69.7W/m K 

0.725 


x 


Continued 




Hence, 


PROBLEM 7.8 (Cont.) 


69.7 W/m 2 ■ K(150- 25) K c o 

q =-i= 8.713xl0 :) W/m A 

0.010 m 


(b) The maximum temperature within the module occurs at the surface next to the insulation (y = 0). 
For one-dimensional conduction with thermal energy generation, use Eq. 3.42 to obtain 


8.713xl0 5 W/m 3 x(0.010 m)" 


2x5.2 W/m-K 


+ 150 C = 158.4°C. 


COMMENTS: An alternative approach for estimating the average heat transfer coefficient for the 
module follows from the relation 


9module _ 90—>L+b c l()—>L 

— — , , — — — L+b — L 

hb = h L+ b(L+b)-h L L or h=h L+b ^--h L -. 

Recognizing that laminar and turbulent flow conditions exist, the appropriate correlation is 

Nu x =(0.037Ref 5 -87ljpr 1/3 

With x = L + b and x = L, find 

h L+b =54.81 W/m 2 K and h L = 53.73 W/m 2 ■ K. 

Hence, 


54 . 81 ^- 53 . 73 ^ 

0.050 0.05 


W/m 2 ■ K = 69.9 W/m 2 ■ K. 


which is in excellent agreement with the approximate result employed in part (a). 



PROBLEM 7.9 


KNOWN: Dimensions and surface temperature of electrically heated strips. Temperature and velocity 
of air in parallel flow. 


FIND: (a) Rate of convection heat transfer from first, fifth and tenth strips as well as from all the strips, 
(b) For air velocities of 2, 5 and 10 m/s, determine the convection heat rates for all the locations of part 
(a), and (c) Repeat the calculations of part (b), but under conditions for which the flow is fully turbulent 
over the entire array of strips. 


SCHEMATIC: 


J q" 


w- 0.2 m 

L = 25 A L = 0.25 m 


®> _ 

u a0 = 2 m/s - 

^ 00 = 25 °C 
p = 1 atm 

ASSUMPTIONS: (1) Top surface is smooth, (2) Bottom surface is adiabatic, (3) Critical Reynolds 
number is 5 x 10 5 , (4) Negligible radiation. 







v/////////////^////y 

11^01 m 


PROPERTIES: Table A.4 , Air (T f = 535 K, 1 atm): v = 43.54 x 10' 6 nr/s, k = 0.0429 W/m-K, Pr = 
0.683. 


ANALYSIS: (a) The location of transition is determined from 


x c =5x10' 


,5 V * 5 43.54xl0 - ^ m 2 /s 

' - = 5x10 --— = 10.9m 


Uqo 2 m/s 

Since x c » L = 0.25 m, the air flow is laminar over the entire heater. For the first strip, qi = h] (AL x 
w)(T s - TJ where hj is obtained from 

^ = —0.664Re 1 / 2 Pr 1/3 
AL 


- 0.0429 W/m-K A „. 

hi =--x 0.664 

1 0.01m 

' 2 


f , A 1/2 

2 m/sx0.01m 

43.54xl0~ 6 m 2 /s 


(0.683) 173 = 53.8 w/m 2 ■ K 


q! = 53.8W/rn ■ K(0.01 mx0.2m)(500 —25) C = 51.1W 


For the fifth strip, qg = qo-5 — qo—4> 

45 = h 0-5 (5ALx w)(T S - Too)-ho-4(4ALxw)(T s -) 

45 =( 5 h 0 - 5 - 4 ho- 4 )(ALxw)(T s -T 00 ) 

Hence, with x 5 = 5AL = 0.05 m and x 4 = 4AL = 0.04 m, it follows that hq _5 = 24.1 W/nr-K and hq _4 = 
26.9 W/m 2 K and 

45 = (5x 24.1 — 4x26.9) w/ m 2 ■ K(0.01x0.2)m 2 (500 — 25) K = 12.2 W. < 

Similarly, where h 0 _ 10 = 17.00 W/nr-K and h 0 _ 9 = 17.92 W/nr-K. 

410 = ( 1Q ho-io -9h 0 _9 )(ALxw)(T s -T m ) 

q 10 = (10x17.00-9x17.92)w/m 2 ■ K(0.01x0.2)m 2 (500-25)K = 8.3 W < 


Continued... 



For the entire heater, 


PROBLEM 7.9 (Cont.) 


h 0 25 =io.664Rei ,2 Pr 1/3 =5^x0.664 

U a L L 0.25 


2x0.25 


\l/2 


43.54x10 


-6 


(0.683) 1/3 =10.75 W/m z K 


and the heat rate over all 25 strips is 

00-25 = hp-25 (Lxw)(T s -T do ) = 10.75 w/ m 2 • K (0.25 x 0.2) m 2 (500-25)° C = 255.3 W < 


(b,c) Using the IHT Correlations Tool, External Flow, for Laminar or Mixed Flow Conditions, and 
following the same method of solution as above, the heat rates for the first, fifth, tenth and all the strips 
were calculated for air velocities of 2, 5 and 10 m/s. To evaluate the heat rates for fully turbulent 
conditions, the analysis was performed setting Re s>c = 1 x 10 6 . The results are tabulated below. 


Flow conditions 

u M (m/s) 

qi(W) 

q 5 (W) 

qio (W) 

q0-25 (W) 

Laminar 

2 

51.1 

12.1 

8.3 

256 


5 

80.9 

19.1 

13.1 

404 


10 

114 

27.0 

18.6 

572 

Fully turbulent 

2 

17.9 

10.6 

9.1 

235 


5 

37.3 

22.1 

19.0 

490 


10 

64.9 

38.5 

33.1 

853 


COMMENTS: (1) An alternative approach to evaluating the heat loss from a single strip, for example, 
ship 5, would take the form q 5 = h 5 (alxw)(t s -T^), where h 5 = h x=45AL or h 5 = ( h x=5AL + h x =4AL)/ 2 - 

(2) From the tabulated results, note that for both flow conditions, the heat rate for each strip and the 
entire heater, increases with increasing air velocity. For both flow conditions and for any specified 
velocity, the strip heat rates decrease with increasing distance from the leading edge. 

(3) The effect of flow conditions, laminar vs. fully turbulent flow, on strip heat rates shows some 
unexpected behavior. For the u^ = 5 m/s condition, the effect of turbulent flow is to increase the heat 
rates for the entire heater and the tenth and fifth ships. For the u tc = 10 m/s, the effect of turbulent flow 
is to increase the heat rates at all locations. This behavior is a consequence of low Reynolds number (Re x 
= 2.3 x 10 4 ) at x = 0.25 m with u^ = 10 m/s. 

(4) To more fully appreciate the effects due to laminar vs. turbulent flow conditions and air velocity, it is 
useful to examine the local coefficient as a function of distance from the leading edge. How would you 
use the results plotted below to explain heat rate behavior evident in the summary table above? 



uinf = 2 m/s, laminar flow 
uinf = 5 m/s, laminar flow 
uinf = 10 m/s, laminar flow 
uinf = 10 m/s, fully turbulent flow 





PROBLEM 7.10 

KNOWN: Speed and temperature of atmospheric air flowing over a flat plate of prescribed length 
and temperature. 

FIND: Rate of heat transfer corresponding to Re x c = 10^, 5 x 10 5 and It/'. 

SCHEMATIC: 


u m ^Z5w/s - 

- 

p-latm 


H> 

■> < 


c 


n 

/ / / T~\ 



T s -1Z5°C 


L=1 


m 


ASSUMPTIONS: (1) Flow over top and bottom surfaces. 

PROPERTIES: Table A-4, Air (T f = 348K, 1 atm): p = 1.00 kg/m 3 , v = 20.72 x 10' 6 m7s, k = 
0.0299 W/mK, Pr = 0.700. 

ANALYSIS: With 

ReL = ^ = JMxlm =1 . 21x10 6 
v 20.72 x 10'V/s 

the flow becomes tuibulcnt for each of the three values of Re x c . Hence, 

N^ l =(0.037 Re^ /5 - a) Pr 1/3 
A = 0.037 Re x ^ -0.664 Re 1 ^ 

” Re x c K? 5x17 10 6 


A 160 

Nu l 2272 

hp |w/m 2 ■ k| 67.9 

q(W/m) 13,580 


871 1671 

1641 931 

49.1 27.8 

9820 5560 


where q r = 2 hpL (T s - ) is the total heat loss per unit width of plate. 

COMMENTS: Note that hp decreases with increasing Re x c , as more of the surface becomes 
covered with a laminar boundary layer. 



PROBLEM 7.11 


KNOWN: Velocity and temperature of air in parallel flow over a flat plate of 1-m length. 

FIND: (a) Calculate and plot the variation of the local convection coefficient, h x (x), with distance for 
flow conditions corresponding to transition Reynolds numbers of 5 x 10 5 , 2.5 x 10 5 and 0 (fully 
turbulent), (b) Plot the variation of the average convection coefficient, h x (x), for the three flow 

conditions of part (a), and (c) Determine the average convection coefficients for the entire plate, h L , for 
the three flow conditions of part (a). 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant surface temperature, and (3) Critical 
Reynolds depends upon prescribed flow conditions. 

PROPERTIES: Table A.4 , Air (T f = 300 K, 1 atm): v = 15.89 x 10' 6 m 2 /s, k = 0.0263 W/m-K, Pr = 
0.707. 


ANALYSIS: (a) The Reynolds number for the plate (L = 1 m) is 
R e L = = lOm/sxlm = 6 29x1q 5 

v 15.89xl0“ 6 m 2 /s 

Hence, the boundary layer conditions are mixed with Re x>c = 5 x 10 5 , 


x c =L ( Re x,c/ Re L) = lm 


5xl0 J 

6.29x10“ 


= 0.795 m 


Using the IHT Correlation Tool, External Flow, Local coefficients for Laminar or Turbulent Flow, h x (x) 
was evaluated and plotted with critical Reynolds numbers of 5 x 10 5 , 2.5 x 10 5 and 0 (fully turbulent). 
Note the location of the laminar-turbulent transition for the first two flow conditions. 



Distance from the leading edge, x (m) 


—©— Rexc = 5.0e5, Mixed flow 
—*— Rexc = 2.5e5, Mixed flow 
- Rexc = 0, Fully turbulent flow 


Continued... 




PROBLEM 7.11 (Cont.) 

(b) Using the IHT Correlation Tool, External Flow, Average coefficient for Laminar or Mixed Flow, 
h x (x) was evaluated and plotted for the three flow conditions. Note that the change in h x (x) at the 
critical length, x c , is rather gradual, compared to the abrupt change for the local coefficient, h x (x). 



Rexc = 5.0e5, Mixed flow 
Rexc = 2.5e5, Mixed flow 
Rexc = 0, Fully turbulent flow 


(c) The average convection coefficients for the plate can be determined from the above plot since 
hL = h x (L) . The values for the three flow conditions are, respectively, 

h L =17.4, 27.5 and 37.8 w/m 2 -K < 

COMMENTS: A copy of the IHT Workspace used to generate the above plots is shown below. 

// Method of Solution: Use the Correlation Tools, External Flow, Flat Plate, for (i) Local, laminar or turbulent 
flow and (ii) Average, laminar or mixed flow, to evaluate the local and average convection coefficients as a 
function of position on the plate. In each of these tools, the value of the critical Reynolds number, Rexc, can 
be set corresponding to the special flow conditions. 

// Correlation Tool: External Flow, Plate Plate, Local, laminar or turbulent flow. 

Nux = Nux_EF_FP_LT(Rex,Rexc,Pr) // Eq 7.23,37 
Nux = hx * x / k 
Rex = uinf * x / nu 
Rexc =1 e-10 

// Evaluate properties at the film temperature, Tf. 

//Tf = (Tint + Ts) / 2 

/* Correlation description: Parallel external flow (EF) over a flat plate (FP), local coefficient: laminar flow (L) for 
Rex<Rexc, Eq 7.23: turbulent flow (T) for Rex>Rexc, Eq 7.37: 0.6<=Pr<=60. See Table 7.9. */ 

// Correlation Tool: External Flow, Plate Plate, Average, laminar or mixed flow. 

NuLbar = NuL_bar_EF_FP_LM(Rex,Rexc,Pr) // Eq 7.31,7.39, 7.40 
NuLbar = hLbar * x / k // Changed variable from L to x 

//ReL = uinf * x / nu 
//Rexc = 5.0E5 


/* Correlation description: Parallel external flow (EF) over a flat plate (FP), average coefficient: laminar (L) if 
ReL<Rexc, Eq 7.31; mixed (M) if ReL>Rexc, Eq 7.39 and 7.40: 0.6<=Pr<=60. See Table 7.9. */ 

// Properties Tool - Air: 

// Air property functions : From Table A.4 
// Units: T(K); 1 atm pressure 

nu = nu_T("Air",Tf) // Kinematic viscosity, m A 2/s 

k = k_T(''Air",Tf) // Thermal conductivity, W/m-K 

Pr = Pr_T("Air”,Tf) // Prandtl number 

// Assigned Variables: 

x = 1 
uinf = 10 
Tf = 300 


// Distance from leading edge; 0 <= x <= 1 m 
// Freestream velocity, m/s 
// Film temperature, K 




PROBLEM 7.12 


KNOWN: Velocity and temperature of water in parallel flow over a flat plate of 1-m length. 

FIND: (a) Calculate and plot the variation of the local convection coefficient, h x (x), with distance for 
flow conditions corresponding to transition Reynolds numbers of 5 x 10 5 , 3 x 10 5 and 0 (fully turbulent), 
(b) Plot the variation of the average convection coefficient, h x (x), for the three flow conditions of part 

(a), and (c) Determine the average convection coefficients for the entire plate, h L , for the three flow 
conditions of part (a). 


SCHEMATIC: 


(Water) 


u^- 2 m/s 


^ x 1=1 m 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant surface temperature, and (3) Critical 
Reynolds depends upon prescribed flow conditions. 

PROPERTIES: Table A.6, Water (300 K): p = 997 kg/m 3 , p = 855 x 10 6 N s/m 2 , v = p/p = 0.858 x 
10 6 m 2 /s, k = 0.613 W/m-K, Pr = 583. 



ANALYSIS: (a) The Reynolds number for the plate (L = 1 m) is 


Re L = 


UqqL 

v 


2m/sxlm 

0.858xl0~ 6 m 2 /s 


2.33xl0 6 . 


and the boundary layer is mixed with Re x>c = 5 x 10 5 , 


x c =L(Re x , c /Re L ) = l m 


5x10“ 


2.33x10 


= 0.215m 


Using the IHT Correlation Tool, External Flow, Local coefficients for Laminar or Turbulent Flow, h x (x) 
was evaluated and plotted with critical Reynolds numbers of 5 x 10 5 , 3.0 x 10 5 and 0 (fully turbulent). 
Note the location of the laminar-turbulent transition for the first two flow conditions. 



—©— Rexc = 5.0e5, Mixed flow 
—a— Rexc = 3.0e5, Mixed flow 
- Rexc = 0, Fully turbulent 


Continued... 




PROBLEM 7.12 (Cont.) 

(b) Using the IHT Correlation Tool, External Flow, Average coefficient for Laminar or Mixed Flow, 
h x (x) was evaluated and plotted for the three flow conditions. Note that the change in h x (x) at the 
critical length, x c , is rather gradual, compared to the abrupt change for the local coefficient, h x (x). 



Distance from the leading edge, x (m) 


Rexc = 5e5, Mixed flow 
Rexc = 3e5, Mixed flow 
Rexc = 0, Fully turbulent flow 


(c) The average convection coefficients for the plate can be determined from the above plot since 
hp = h x (L) . The values for the three flow conditions are 

h L = 4110, 4490 and 5072 w/m 2 ■ K < 

COMMENTS: A copy of the IHT Workspace used to generate the above plot is shown below. 

/* Method of Solution: Use the Correlation Tools, External Flow, Flat Plate, for (i) Local, laminar or turbulent 
flow and (ii) Average, laminar or mixed flow, to evaluate the local and average convection coefficients as a 
function of position on the plate. In each of these tools, the value of the critical Reynolds number, Rexc, can 
be set corresponding to the special flow conditions. 7 

// Correlation Tool: External Flow, Plate Plate, Local, laminar or turbulent flow. 

Nux = Nux_EF_FP_LT(Rex,Rexc,Pr) // Eq 7.23,37 
Nux = hx * x / k 
Rex = uinf * x / nu 
Rexc = 1e-10 

// Evaluate properties at the film temperature, Tf. 

//Tf = (Tint + Ts) / 2 

/* Correlation description: Parallel external flow (EF) over a flat plate (FP), local coefficient: laminar flow (L) for 
Rex<Rexc, Eq 7.23: turbulent flow (T) for Rex>Rexc, Eq 7.37: 0.6<=Pr<=60. See Table 7.9. 7 

// Correlation Tool: External Flow, Plate Plate, Average, laminar or mixed flow. 

NuLbar = NuL_bar_EF_FP_LM(Rex,Rexc,Pr) // Eq 7.31,7.39, 7.40 
NuLbar = hLbar * x / k // Changed variable from L to x 

//ReL = uinf * x / nu 
//Rexc = 5.0E5 


/* Correlation description: Parallel external flow (EF) over a flat plate (FP), average coefficient: laminar (L) if 
ReL<Rexc, Eq 7.31; mixed (M) if ReL>Rexc, Eq 7.39 and 7.40: 0.6<=Pr<=60. See Table 7.9. 7 

// Properties Tool - Water 

// Water property functions 
// Units: T(K), p(bars); 
xf = 0 

p = psat_T("Water", Tf) 
nu = nu_Tx("Water",Tf,x) 
k = k_Tx("Water",Tf,x) 

Pr = Pr_Tx("Water",Tf,x) 

// Assigned Variables: 

x = 1 // Distance from leading edge; 0 <= x <= 1 m 

uinf = 2 // Freestream velocity, m/s 

Tf = 300 // Film temperature, K 


:T dependence, From Table A.6 

// Quality (0=sat liquid or 1=sat vapor); "x" is used as spatial coordinate 
// Saturation pressure, bar 
// Kinematic viscosity, m A 2/s 
//Thermal conductivity, W/m-K 
// Prandtl number 




PROBLEM 7.13 

KNOWN: Two plates of length L and 2L experience parallel flow with a critical Reynolds number 
of 5 x 10 5 . 


FIND: Reynolds numbers for which the total heat transfer rate is independent of orientation. 


SCHEMATIC: 





Re x c --5x10 s 


“co 



ASSUMPTIONS: (1) Plate temperatures and flow conditions are equivalent. 

ANALYSIS: The total heat transfer rate would be the same (qL = q2LX if the convection 
coefficients were equal, 111 = h2L• Conditions for which such an equality is possible may be 

inferred from a sketch of hp versus Rep. 




& 


L 


For laminar flow (Rep < Re xc ), hp a L ^ _ a nd f or mixed laminar and turbulent flow 

(Rep>Re x c ), hp = C| - Cp IT'. Hence hp varies with Rep as shown, and two 

possibilities are suggested. 

Case (a): Laminar flow exists on the shorter plate, while mixed flow conditions exist on the longer 
plate. 

Case (b): Mixed boundary layer conditions exist on both plates. 

In both cases, it is required that 

hL = h2L and Re 2L = 2 Rep. 

Continued. 












PROBLEM 7.13 (Cont.) 

Case (a): From expressions for hp in laminar and mixed flow 


0.664 — Re| /2 Pr 1/3 =—10.037 Re 


L 


2L 


,4/5 

"2L 


-871 Pr 


.1/3 


0.664 Re 1 / 2 =0.032 ReJ /5 -435. 


Since Rep < 5 x 10 5 and Re2L = 2 Rep > 5 x 10^, the required value of Rep may be narrowed to 
the range 

2.5 x 10 5 < Re L < 5 x 10 5 . 

From a trial-and-error solution, it follows that 


Re L -3.2x10 . 

Case (b)\ For mixed flow on both plates 


^(0.037 ReJ 75 -87lj Pr 1/3 = -^-(o.037 Re^ —87l) Pr 1/3 


or 

0.037 Re^ /5 -871 = 0.032 Re^ /5 -435 
0.005 Re J /5 = 436 

Re L ~ 1.50xl0 6 . < 

COMMENTS: (1) Note that it is impossible to satisfy the requirement that lip = fi2p if ReL < 
0.25 x 10 5 (laminar flow for both plates). 

(2) The results are independent of the nature of the fluid. 



PROBLEM 7.14 


KNOWN: Water flowing over a flat plate under specified conditions. 

FIND: (a) Heat transfer rate per unit width, q (W/m), evaluating properties at Tf = (T s + Too)/2, 

(b) Error in q' resulting from evaluating properties at Too, (c) Heat transfer rate, q', if flow is 
assumed turbulent at leading edge, x = 0. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions. 

3 6 2 

PROPERTIES: Table A-6, Water (Too = 4°C = 277K): p f = 1000 kg/m , p f = 1560 x 10" N-s/m , 
6 2 6 
Vf = Pf/p f = 1.560 x 10’'m /s, kf = 0.577 W/mK, Pr = 11.44; Water (Tf = 295K): v = 0.961 x 10’ 1 
2 6 2 
m /s, k = 0.606 W/mK, Pr = 6.62; Water (T s = 40°C = 313K): p = 657 x 10" 1 N-s/m . 

ANALYSIS: (a) The heat rate is given as q = hL (T s —Too), and h must be estimated by the 

proper correlation. Using properties evaluated at Tf, the Reynolds number is 

„ UooL 0.6m/sxl.5m . 

Re L = ^^ =-——— = 9.365xlO . 

v 0.961xl0"V 2 /s 

Hence flow is mixed and the appropriate correlation and convection coefficient are 



- NuLk 2522x0.606 W/m-K iniftw/ 2 ^ 

hy =- = -= 1019 W/m K. 

L L 1.5m 

The heat rate is then 

q" =1019 W/m 2 ■Kxl.5m(40-4)°C = 55.0 kW/m. < 

(b) Evaluating properties at the free stream temperature, Too, 

„ 0.6m/sxl.5m _ _ ..5 

ReL =- -T—r — = 5.769x10 

1.560x10" m^/s 

The flow is still mixed, giving 

N^ l = 0.037(5.769X10 5 ) 475 -871 11.44 173 =1424 
h L = 1424x 0.577 W/m ■ K/l ,5m = 575 W/m ■ K 

q = 575 W/m - Kx 1.5m(40 -4)° C = 31.1 kW/m. < 


Continued 




PROBLEM 7.14 (Cont.) 

(c) If flow were tripped at the leading edge, the flow would be turbulent over the full length of the 
plate, in which case, 

N^ l =0.037 Re^ 5 Pr 1/3 = 0.037 (9.365xl0 5 ) 4/5 6.62 1/3 =4157 
h L = Nu L k/L = 4157x0.606 W/m- K/1.5m =1679 W/m 2 ■ K 

q = h L L (T s -Too ) =1679 W/m 2 ■ Kxl.5m (40 - 4)° C = 90.7 kW/m. < 

COMMENTS: Comparing results: 


Flow 

Part 

Property Evaluation 

q (kW/m) 

Difference (%) 

mixed 

(a) 

Tf 

55.0 

-- 

mixed 

(b) 

Too 

31.1 

-43 

turbulent 

(c) 

Tf 

90.7 

-- 


The heat rate is significantly underpredicted if the properties are incorrectly evaluated at Too instead of 
Tf. 



PROBLEM 7.15 


KNOWN: Temperature, pressure and Reynolds number for air flow over a flat plate of uniform 
surface temperature. 

FIND: (a) Rate of heat transfer from the plate, (b) Rate of heat transfer if air velocity is doubled and 
pressure is increased to 10 atm. 

SCHEMATIC: 



p-1 atm 


5 = 




z 


r 


T^tocrc 




W = O.l m 


L-O.Zm 


ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform surface temperature, (3) Negligible 
radiation, (4) Re x = 5 x10 3 . 


PROPERTIES: Table A-4, Air (Tf = 348K, 1 atm): k = 0.0299 W/m-K, Pr = 0.70. 

ANALYSIS: (a) The heat rate is 

q = hp(wxL) (Tg-Too). 


Since the flow is laminar over the entire plate for Rep = 4 x 10 , it follows that 
l L 


Nu l = = 0.664 Re 1 ^ 2 Pr 1/3 = 0.664(40,000) 1/2 (0.70) 1/3 = 117.9. 

k 


tt r inr>k 0.0299 W/m-K 2 

Hence h T = 117.9 — = 117.9-= 17.6 W/m-K 

L L 0.2m 


and 


W 


q = 17.6—r (0.1mx0.2m) (100-50)°C = 17.6 W. 


m 2 ■ K 


(b) With p 2 = 10 pi, it follows that p 2 = 10 p i and V2 = v |/10. Hence 


Re L,2 = 


UooL 


= 2x10 


J2 


UooL 


A 


= 20 Rep,! =8x10^ 


and mixed boundary layer conditions exist on the plate. Hence 


Nu 


h L L 


L 


( 0 . 


037 ReJ 75 -87l) 


Pr 


.1/3 


0.037 x 


(8X10 5 ) 475 


-871 


(0.70) 


1/3 


Nu l =961. 


Hence, 


r 0.0299 W/m-K 2 

h L = 961-—-= 143.6 W/m-K 


0.2m 


W 


q = 143.6—^-(0.1mx0.2m) (100-50) C = 143.6 W. 


m 2 ■ K 

COMMENTS: Note that, in calculating Rcp 2 , ideal gas behavior has been assumed. It has also 
been assumed that k, p and Pr are independent of pressure over the range considered. 



PROBLEM 7.16 

KNOWN: Length and surface temperature of a rectangular fin. 

FIND: (a) Heat removal per unit width, q' , when air at a prescribed temperature and velocity is in parallel, 
turbulent flow over the fin, and (b) Calculate and plot q / for motorcycle speeds ranging from 10 to 100 km/h. 

SCHEMATIC: 

®) 

u , OQ = 80 km/h 
7^= 300 K 
p = 1 atm 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation, (3) Turbulent flow over entire surface. 
PROPERTIES: Table A.4, Air (412 K, 1 atm): V = 27.85 x 10 6 m 2 /s, k = 0.0346 W/m-K, Pr = 0.69. 



ANALYSIS: (a) The heat loss per unit width is 
q / = 2x[h L L(T s -T 00 )] 

where h is obtained from the correlation, Eq. 7.41 but with turbulent flow over the entire surface, 

r i4/5 


Nu L = 0.037 Rep/ 5 Pr 1/3 = 0.037 


80 km/h x 1000 m/km x 1/3600 h/s x 0.15 m 
27.85 xl0“ 6 m 2 /s 


(0.69) 1/3 =378 


Hence, 


k— 0.0346 W/m-K / ? 

h. = — Nul =---378 = 87 W/nU • K 

L 0.15m 



K x 0.15 m (523-300)K =5826W/m. 


< 


(b) Using the foregoing equations in the IHT 
Workspace, c\ as a function of speed was 
calculated and is plotted as shown. 




Motorcycle speed, uinf (m/s) 


COMMENTS: (1) Radiation emission from the fin is not negligible. With an assumed emissivity of £ = 

1, the rate of emission per unit width at 80 km/h would be (\ = |crT s ^ j 2L = 1273 W/m. If the fin 

received negligible radiation from its surroundings, its loss by radiation would then be approximately 
20% of that by convection. 


(2) From the correlation and heat rate expression, it follows that q ~ u/ /5 . That is, q vs. u m is nearly 
linear as evident from the above plot. 




PROBLEM 7.17 


KNOWN: Wall of a metal building experiences a 10 mph (4.47 m/s) breeze with air temperature of 
90°F (32.2°C) and solar insolation of 400 W/m”. The length of the wall in the wind direction is 10 m 
and the emissivity is 0.93. 

FIND: Estimate the average wall temperature. 

SCHEMATIC: 


Too = 90°F (32.2°C) 

Uqo = 5 mph (4.47 m/s) 





G s = 400 W/m 2 

Building wall 

T s , £ = 0.93, as = 1.0 


L= 10m 


ASSUMPTIONS: (1) Steady-state conditions, (2) The solar absorptivity of the wall is unity, (3) Sky 
irradiation is negligible, (4) Wall is isothermal at the average temperature T s , (5) Flow is fully 
turbulent over the wall, and (6) Negligible heat transfer into the building. 

PROPERTIES: Table A-4 , Air (assume T f = 305 K, 1 atm): v = 16.27 x 10 6 m 2 /s, k = 0.02658 
W/m-K, Pr = 0.707. 

ANALYSIS: Perform an energy balance on the wall surface considering convection, absorbed 
irradiation and emission. On a per unit width, 

Tjn — T-out = 0 

~9cv + (^S^S — ) T = 0 

-h L L (T s - T^) + (a s G s - £(7T S 4 ) L = 0 (1) 

The average convection coefficient is estimated using Eq. 7.41 assuming fully turbulent flow over the 
length of the wall in the direction of the breeze. 

N^ l = = 0.037 Rep/ 5 Pr 1/3 (2) 

Re L =u 00 L/V = 4.47m/sxl0m/16.27xl0 6 m 2 /s = 2.748xl0 6 

h L =(0.02658 W/m K/10m)x0.037(2.748xl0 6 ) 4/5 (0.707) 1/3 =12.4 W/m 2 -K 

Substituting numerical values into Eq. (1), find T s . 

-12.4 W/m 2 xl0m[T s -(32.2 + 273)]K 

+ 1.0x400 W/m 2 -0.93x5.67xl0“ 8 W/m 2 -K 4 T 4 xl0m = 0 

T s = 302.2 K = 29°C < 

COMMENTS: (1) The properties for the correlation should be evaluated at Tf = (T s + Too)/2 = 

304 K. The assumption of 305 K was reasonable. 

(2) Is the heat transfer by the emission process significant? Would application of a low emissive 
coating be effective in reducing the wall temperature, assuming as remained unchanged? Or, should a 
low solar absorbing coating be considered? 



PROBLEM 7.18 


2 

KNOWN: Square solar panel with an area of 0.09 m has solar-to-electrical power conversion 

efficiency of 12%, solar absorptivity of 0.85, and emissivity of 0.90. Panel experiences a 4 m/s 

2 

breeze with an air temperature of 25°C and solar insolation of 700 W/m . 

FIND: Estimate the temperature of the solar panel for: (a) The operating condition (on) 
described above when the panel is producing power, and (b) The off condition when the solar 
array is inoperative. Will the panel temperature increase, remain the same or decrease, all other 
conditions remaining the same? 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) The backside of the panel experiences no heat 
transfer, (3) Sky irradiation is negligible, and (4) Wind is in parallel, fully turbulent flow over the 
panel. 

PROPERTIES: Table A-4, Air (Assume T f = 300 K, 1 atm): v = 15.89 x 10" 6 m7s, k = 0.0263 
W/m-K, Pr = 0.707. 


ANALYSIS: (a) Perform an energy balance on the panel as represented in the schematic above 
considering convection, absorbed insolation, emission and generated electrical power. 


Ein E out + Eg en 


= 0 


Ocv + 


a s G s -eaT s 


A s Eelec 


: 0 


Using the convection rate equation and power conversion efficiency, 
9cv = ^l A s (T s “Tqo) Eelec =J ?e^sE’S A s 

The average convection coefficient for fully turbulent conditions is 
Nu l =hL/k = 0.037 Re 4/5 Pr 1/3 


Re L =u oo L/v = 4m/sx0.3m/15.89xl0 _6 m 2 /s = 7.49xl0 4 
h L =(0.0263 W/m-K/0.3m)x0.037x(7.49xl0 4 ) 4/5 (0.707) 1/3 


( 1 ) 

(2,3) 


h L =23.0 W/m 2 -K 

Substituting numerical values in Eq. (1) using Eqs. (2 and 3) and dividing through by A s , find T s . 


Continued 





PROBLEM 7.18 (Cont.) 


23 W/rn K(T S -298)K + 0.85 x 700 W/nT -0.90x5.67xl(T 8 W/m" 

2 " 


- 0.12 


0.85x700 W/m 


0 


■K 4 T s 4 

(4) 


T s = 302.2 K = 29.2°C < 

(b) If the solar array becomes inoperable (off) for reason of wire bond failures or the electrical 
circuit to the battery is opened, the P e i ec term in the energy balance of Eq. (1) is zero. Using Eq. 
(4) with r| e = 0, find 

T s = 31.7°C < 

COMMENTS: (1) Note how the electrical power P e i ec is represented by the Eg en term in the 

energy balance. Recall from Section 1.2 that Eg en is associated with conversion from some form 

of energy to thermal energy. Hence, the solar-to-electrical power conversion (P e iec) will have a 
negative sign in Eq. (1). 

(2) It follows that when the solar array is on, a fraction (r| e ) of the absorbed solar power (thermal 
energy) is converted to electrical energy. As such, the array surface temperature will be higher in 
the off condition than in the on condition. 

(3) Note that the assumed value for Tf at which to evaluate the properties was reasonable. 



PROBLEM 7.19 


KNOWN: Ambient air conditions and absorbed solar flux for an aircraft wing of prescribed length and speed. 

FIND: (a) Steady-state temperature of wing and (b) Calculate and plot the steady-state temperature for 
plane speeds 100 to 250 m/s. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform wing temperature, (3) Negligible radiation 
emission from surface. 

PROPERTIES: Table A.4 , Air (T f » 270 K, p = 0.7 bar): k = 0.0239 W/m-K, Pr = 0.715, V = 13.22 x 
10 6 m 2 /s (1.0133 bar/0.7 bar) = 19.14 x 10 6 m 2 /s. 


ANALYSIS: From an energy balance on the airfoil 

^S.abs^s = ^Oconv = 2hLA s (T s — T^) T s =T oq +qs,abs/^hL (L2) 

Since 

Re L = Uoo L/v = (l00m/s)2.5m/l9.14xl0~ 6 m 2 /s = 1.31xl0 7 (3) 

and Re s , c = 5 X 10\ the flow may be approximated as turbulent over the entire plate. Hence, from Eq. 
7.41, 

Nul = 0.037 Re 475 Pr 1/3 = 0.037 (l.31xl0 7 (0.715) 173 = 1.63xl0 4 (4) 

Nut k 1.63xl0 4 (0.0239W/m-K) / 9 

h L =-— =------ = 156W/m 2 ■ K (5) 

L 2.5m 

Hence, from the energy balance 

T s = 263K + 800w/ m 2 /2xl56w/m 2 ■ K = 266K < 


(b) Using the energy balance relation for T s , Eq. 
(1), and the IHT Correlations Tool , External 
Flow , Average coefficient for Laminar or 
Turbulent Flow, T s as a function of u tc was 
evaluated. 



100 120 140 160 180 200 220 240 260 

Aircraft speed, uinf (m/s) 


COMMENTS: (1) Radiation emission from the wing surface would decrease T s , while radiation 
incident from the earth's surface and the sky would act to increase T s . The net effect on T s is likely to be 
small. 

(2) How do you explain that the effect of aircraft speed on T s appears to be only slight? How does hp 
dependent upon uj What is the limit of T s with increasing speed? 



PROBLEM 7.20 


KNOWN: Material properties, inner surface temperature and dimensions of roof of refrigerated 
truck compartment. Truck speed and ambient temperature. Solar irradiation. 


FIND: (a) Outer surface temperature of roof and rate of heat transfer to compartment, (b) Effect of 
changing radiative properties of outer surface, (c) Effect of eliminating insulation. 


SCHEMATIC: 


q‘s = 750 W/m 2 qconv 


= 105 km/h 
Too = 32°C 

Urethane foam 


k; = 0.026 W/m-K 


Aluminum alloy 
k p = 180 W/m-K 


\ \ / 




t 


Ocond 


T q i = -10°C 


T s ,o, e = a s = 0.5 

W = 3.5m 


U 


T 


t-i = 5 mm 
t 2 = 50 mm 

t 3 = 5 mm 


ASSUMPTIONS: (1) Negligible irradiation from the sky, (2) Turbulent flow over entire outer 
surface, (3) Average convection coefficient may be used to estimate average surface temperature, (4) 
Constant properties. 

PROPERTIES: Table A-4 , air (p = 1 atm, T f - 300K): v = 15.89 x 10' 6 m7s, k = 0.0263 W/m-K, Pr 
= 0.707. 

ANALYSIS: (a) From an energy balance for the outer surface, 

T -T 

+ Oconv — E — q cond — — 

K tot 

« S G S + h (T«, - T s , 0 ) - «tT s 4 0 = 

where R' = (q/k p ) = 2.78xl0 _5 m 2 • K/W, R[ = (t 2 /kj ) = 1.923m 2 • K/W, and with Re L =u co L/v 
= 29.2m/sxl0m/15.89xl0 _6 m 2 /s = 1.84xl0 7 , 


— k 

h =-0.037 Ref'^Pr”" = 
L 


4/5 _ 1/3 0.0263 W/m-K 


10m 


0.037^1.84xlO 7 (0.707) 1/3 


= 56.2 W / m ■ K 


Hence, 


0.5 ^750 W / m 2 - K j + 56.2 W / m 2 • K (305 - T so ) - 0.5 x 5.67 x 10 8 W / m 2 - K 4 T 4 Q 


T s o - 263K 


[5.56x10 5 +1.923 m' - K/W 


Solving, we obtain 

T so =306.8K = 33.8°C < 

Hence, the heat load is 

/ , , x (33.8 + 10)°C 

q = (W-L)q^ nd = (3.5mxl0m) —- —-1 -= 797W < 

1.923m"--K/W 

(b) With the special surface finish (a s = 0.15, e = 0.8), 

Continued. 






PROBLEM 7.20 (Cont.) 


T s>o =301.1K = 27.1°C < 

q = 675.3W < 

(c) Without the insulation (t 2 = 0) and with as = £ = 0.5, 

T so = 263. IK = -9.9°C < 

q = 90,630W < 


COMMENTS: (1) Use of the special surface finish reduces the solar input, while increasing 
radiation emission from the surface. The cumulative effect is to reduce the heat load by 15%. (2) The 
thermal resistance of the aluminum panels is negligible, and without the insulation, the heat load is 
enormous. 

T s o T s j 

E ^ C4AAAA^-AVV^-AAAA-* — Pcond 
Qconv / ti/kp t 2 /kj t-i/kp 



PROBLEM 7.21 


KNOWN: Surface characteristics of a flat plate in an air stream. 
FIND: Orientation which minimizes convection heat transfer. 


SCHEMATIC: 


© 

Ua, =ZOm/s 

T^ZO'C 

p = 1 atm 




A- t-lm - 


Configuration 



ASSUMPTIONS: (1) Surface B is sufficiently rough to trip the boundary layer when in the 
upstream position (Configuration 2). 

AO 2 

PROPERTIES: Table A-4, Air (T f = 333K, 1 atm): v = 19.2 x 10' m /s, k = 28.7 x 10' 
W/mK, Pr = 0.7. 

ANALYSIS: Since Configuration (2) results in a turbulent boundary layer over the entire surface, 
the lowest heat transfer is associated with Configuration (1). Find 

R e L = 2 0 m/sxlm _ , 04xl0 6 

V 19.2x10'V 2 /s 

Hence in Configuration (1), transition will occur just before the rough surface (Xc = 0.48m). Note 
that 



_ / <r\4/5 l/o _ 

Nu L2 =0.037(1.04x10°I (0.7)' = 2139> Nu L1 . 

hp — 

For Configuration (1): —-— = Nu T . = 1366. 

k ^ 

Hence 

hp i = 1366( 2 8.7 X 10 _3 W/m- K )/lm= 39.2 W/m 2 ■ K 
and 

91 =hL,lA(T s -T 00 )= 39.2 W/m 2 K(0.5mxlm)(l00-20)K 
q] =1568 W. 


< 



PROBLEM 7.22 

KNOWN: Heat rate from and surface temperature of top surface of an oven under quiescent room air 
conditions (Case A). 

FIND: (a) Heat rate when air at 15 m/s is blown across surface, (b) Surface temperature, T s , achieved 
with the forced convection condition, and (c) Calculate and plot T s as a function of room air velocity for 
5 < u^ < 30 m/s. 

SCHEMATIC: 



ASSUMPTIONS: (1) Surface has uniform temperature under both conditions, (2) Negligible radiation 
effects, (3) Air is blown parallel to edge, and (4) Thermal resistance due to oven wall and internal 
convection are the same for both conditions. 


PROPERTIES: Table A.4 , Air (T f = (T s +T 00 )/2 ~ (37 + 17)/2 = 27 °C = 300 K): k = 0.0263 
W/m-K, v = 15.89 x 10 6 m 2 /s, Pr = 0.707. 

ANALYSIS: (a) For Case A. we can determine the thermal resistance due to the wall and internal 
convection as, 


R 


t.i 


Tj -T s _ (150-47)° C 


9A 


40 W 


2.575 K/W 


( 1 ) 


which remains constant for case B. Hence, for Case B with forced 
convection, the heat rate is 


q B =UA(T i -T 00 ) 


where 


(UA) 1 =R tii +(l/h 0 A s ) 

To estimate h Q , find 

Re L = ^= 20m/sx0.5m = 6J93xl0 5 
v 15.89xl0 _6 m 2 /s 

Assuming Re sc = 5x 10 5 , flow conditions are mixed; hence 


( 2 ) 

(3) 


Too= 17 °C 
>Mh Q A s 
T s = 47 °C 


R f/ (Wall, convection) 
Tj =150 °C 
q A = 40 W 


Nu L =^2 = (o.037ReL /5 -87lJpr 1/3 = 0.037 (6.293xl0 5 )°' 8 -871 


(0.707 ) 1/3 =660.0 


h Q = 660.0x0.0263 W/m■ K/0.5m = 34.7 W/m 2 ■ K. 

Using Eq. (3) for (UA) 1 and Eq. (2) for q B , find 

(UA) -1 = 2.575 K/W + (l/34.7 w/m 2 ■ K(0.5 m) 2 j = (2.575 + 0.115) = 2.690K/W 


Continued... 



PROBLEM 7.22 (Cont.) 


q B = (1/2.690K/W)(150-17)K = 49.4W . < 

(b) From the rate equation at the surface, 

T s =T 00 +q/h 0 A s (4) 

T s = 17°C + 49.4 (34.7 w/m 2 ■ Kx(0.5m) 2 j 

T s =(17 + 5.7)°C = 22.7°C < 

(c) Using Eqs. (2), (3) and (4), and evaluating h Q using IHT Correlations Tool, External Flow, Average 

coefficient for Laminar or Mixed Flow, the surface temperature was evaluated as a function of room air 
velocity and is plotted below. 



COMMENTS: (1) Note that in part (a), T f = (T s + TJ/2 = (22.7 + 17)/2 = 19.8°C = 293 K compared to 
the assumed value of 300 K. Performing an iterative solution with IHT, find T f = 293 with T s = 22.4°C 
suggesting the approximate value for T f was satisfactory. 

(2) From the plot, as expected, T s decreases with increasing air velocity. What is the cause of the 
inflection in the curve at u TC = 15 m/s? As u^ increases, what is the limit for T s ? 




PROBLEM 7.23 

KNOWN: Prevailing wind with prescribed speed blows past ten window panels, each of 1-m length, on 
a penthouse tower. 

FIND: (a) Average convection coefficient for the first, third and tenth window panels when the wind 
speed is 5 m/s; evaluate thermophysical properties at 300 K, but determine suitability when ambient air 
temperature is in the range -15 < T^ < 38°C; (b) Compute and plot the average coefficients for the same 
panels with wind speeds for the range 5 < u^ < 100 km/h; explain features and relative magnitudes. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Wind over panels 
approximates parallel flow over a smooth flat plate, and (4) Transition Reynolds number is Re s c = 5 x 
10 5 . 

PROPERTIES: Table A. 4, Air (T f = 300 K, 1 atm): v = 15.89 x 10 5 m 2 /s, k = 26.3 x 10 ‘ 3 W/m-K, Pr = 
0.707. 


ANALYSIS: (a) The average convection coefficients for the first, third and tenth panels are 


h l 


h 2-3 


h 3 X3-h 2 X2 


h 9-10 


h 10 x 10~ h 9 x 9 


(1,2,3) 


x 3 — x 2 x 10 _x 9 

where I 12 = h 2 (x 2 ) , etc. If Re XiC = 5 x 10 5 , with properties evaluated at T f = 300 K, transition occurs at 


-6 2 


D 15.89x10 m /s _ in5 

Re Y P =-—x5xl0 = 1.59m 


u„ 


-x,c 


5 m/s 


The flow over the first panel is laminar, and h, can be estimated using Eq. (7.31). 

Nu xl =^- = 0.664Re 1 x /2 Pr 1/3 
k 

h, =(0.0263W/m-Kx0.664/lm)(5m/sxlm/l5.89xl0 _6 m 2 /s) 1/2 (0.707) 1/3 =8.73w/m 2 K < 


The flow over the third and tenth panels is mixed, and I 12 , I 13 , hq and h | q can be estimated using Eq. 
(7.41). For the third panel with x 3 = 3 m and x 2 = 2 m. 


^ x 3 =fw_ 


=(°. 


037Re^ /5 -871)Pr 1/3 


h 3 =(0.0263 W/mK/3m) 


x 


0.037(5m/sx3m/l5.89xl0~ 6 m 2 /s 


,4/5 


■871 


(0.707) 1/3 = 10.6 W/m z ■ K 


Continued... 



PROBLEM 7.23 (Cont.) 


h 2 =(0.0263 W/mK/2m) 


x 


0.037 |5m/sx2m/15.89xl0 _6 m 2 /s 


' |5m/sx2m/l 


,4/5 


-871 


(0.707 ) 1/3 = 8.68 W/m z K 


From Eq. (2), 
^ 2-3 


10.61W/m 2 Kx3m-8.68w/m 2 Kx2m 


: 14.5 W/ m z ■ K 


(3-2)m 

Following the same procedure for the tenth panel, find h^q = 11.64 W/nr-K and hq = 11.71 W/m 2 K, 


and 


h 9 _ 10 = ll.iw/m 2 ■ K < 

Assuming that the window panel temperature will always be close to room temperature, T s = 23°C = 296 
K. If 17 ranges from -15 to 38°C, the film temperature, Tf = (T s + T^ j/2, will vary from 275 to 310 K. 
We’ll explore the effect of T f subsequently. 


(b) Using the IHT Tool, Correlations, External Flow, Flat Plate, results were obtained for the average 
coefficients h. Using Eqs. (2) and (3), average coefficients for the panels as a function of wind speed 
were computed and plotted. 



- First panel 

—*— Third panel 
—©— Tenth panel 


COMMENTS: (1) The behavior of the panel average coefficients as a function of wind speed can be 
explained from the behavior of the local coefficient as a function of distance for difference velocities as 
plotted below. 



- uinf = 5 km/h 

—*— uinf = 15 km/h 
—©— uinf = 25 km/h 
—a— uinf = 50 km/h 


Continued... 





PROBLEM 7.23 (Cont.) 


For low wind speeds, transition occurs near the mid-panel, making hj and h 9 _ ] () nearly equal and very 
high because of leading-edge and turbulence effects, respectively. As the wind speed increases, 
transition occurs closer to the leading edge. Notice how h 2—3 increases rather abruptly, subsequently 

becoming greater than hq_^o ■ The abrupt increase in h, around 30 km/h is a consequence of transition 
occurring with x < lm. 

(2) Using the IHT code developed for the foregoing analysis with u^ = 5 m/s, the effect of T f is tabulated 
below 


T f (K) 

275 

300 

310 

hi (W/m 2 -K) 

8.72 

8.73 

8.70 

h 2 _3 (W/m 2 -K) 

15.1 

14.5 

14.2 

h 9 _ 10 (W/nr-K) 

11.6 

11.1 

10.8 


The overall effect of T f on estimates for the average panel coefficient is slight, less than 5%. 



PROBLEM 7.24 


KNOWN: Design of an anemometer comprised of a thin metallic strip supported by stiff rods serving as 
electrodes for passage of heating current. Fine-wire thermocouple on trailing edge of strip. 

FIND: (a) Relationship between electrical power dissipation per unit width of the strip in the transverse 
direction, P' (mW/mm), and airstream velocity u k when maintained at constant strip temperature, T s ; 
show the relationship graphically; (b) The uncertainty in the airstream velocity if the accuracy with 
which the strip temperature can be measured and maintained constant is ±0.2°C; (c) Relationship 
between strip temperature and airstream velocity u„ when the strip is provided with a constant power, P' 
= 30 mW/mm; show the relationship graphically. Also, find the uncertainty in the airstream velocity if 
the accuracy with which the strip temperature can be measured is ±0.2°C; (d) Compare features 
associated with each of the operating nodes. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Strip has uniform 
temperature in the midspan region of the ship, (4) Negligible conduction in the transverse direction in the 
midspan region, and (5) Airstream over strip approximates parallel flow over two sides of a smooth flat 
plate. 

ANALYSIS: (a) In the midspan region of uniform temperature T s with no conduction in the transverse 
direction, all the dissipated electrical power is transferred by convection to the airstream, 

P / = 2h L L(T s -T OQ ) (1) 

where P / is the power per unit width (transverse direction). Using the IHT Correlation Tool for External 
Flow-Flat Plate the power as a function of airstream velocity was determined and is plotted below. The 
IHT tool uses the flat plate correlation, Eq. 7.31 since the flow is laminar over this velocity range. 



Airstream velocity, uinf (m/s) 


Continued... 




PROBLEM 7.24 (Cont.) 


(b) By differentiation of Eq. (1), the relative uncertainties of the convection coefficient and strip 
temperature are, assuming the power remains constant, 


Ah L 


AT C 


T -T 

X S ^oo 


Since the flow was laminar for the range of airstream velocities, Eq. 7.31, 

or 


hL ~ u i l 2 


Ah L _ Q 5 AUqq 


hL u oo 

Hence, the relative uncertainty in the air velocity due to uncertainty in T s , AT S = ±0.2° C 


( 2 ) 

(3) 


Au 


oo _ 2 _ AT s 




T -T 

‘oo 


±0.2° C 
(35-25)°C 


= ±4% 


(4)< 


(c) Using the IHT workspace setting P' = 30 mW/mm, the strip temperature T s as a function of the 
airstream velocity was determined and plotted. Note that the slope of the T s vs. u tc curve is steep for low 
velocities and relatively flat for high velocities. That is, the technique is more sensitive at lower 
velocities. Using Eq. (4), but with T s dependent upon u Ki , the relative uncertainty in u TC can be 
determined. 




Airstream velocity, uinf (m/s) 


Airstream velocity, uinf (m/s) 


(d) For the constant power mode of operation, part (a), the uncertainty in u k due to uncertainty in 
temperature measurement was found as 4%, independent of the magnitude u k . For the constant- 
temperature mode of operation, the uncertainty in u^ is less than 4% for velocities less than 30 m/s, with 
a value of 1% around 2 m/s. However, in the upper velocity range, the error increases to 5%. 





PROBLEM 7.25 

KNOWN: Plate dimensions and initial temperature. Velocity and temperature of air in parallel flow 
over plates. 

FIND: Initial rate of heat transfer from plate. Rate of change of plate temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible radiation, (2) Negligible effect of conveyor velocity on boundary 
layer development, (3) Plates are isothermal, (4) Negligible heat transfer from sides of plate, (5) 

Re x c = 5xl0 5 , ( 6 ) Constant properties. 

PROPERTIES: Table A-l, MSI 1010 steel (573K): k p = 49.2 W/m-K, c = 549 J/kg-K, p = 7832 
kg/m 3 . Table A-4 , Air (p = 1 atm, T f = 433K): v = 30.4 x 10' 6 m 2 /s, k = 0.0361 W/m-K, Pr = 0.688. 

ANALYSIS: The initial rate of heat transfer from a plate is 
q = 2h A s (T i -T 00 ) = 2hL 2 (T i -T 00 ) 

With Re L = u^L/v = 10m/sxlm/30.4xl0 m /s = 3.29x10 , flow is laminar over the entire surface 
and 

1/2 

N^ l = 0.664Re 1 / 2 Pr 1/3 =0.664(3.29xl0 5 ) “ (0.688) 173 = 336 
h = (k/L)Nu L = (0.0361 W/m - K/lm)336 = 12.1 W/m 2 ■ K 

Hence, 

q = 2x12.1W/m 2 ■ K(lm) 2 (300-20)°C = 6780W < 

Performing an energy balance at an instant of time for a control surface about the plate, -E out = E st , 
we obtain (Eq. 5.2), 

p (5L 2 c — =-h2L 2 (T i -T 00 ) 

dt j 

2(l2.1W/m 2 K)(300-20)°C 

=-------= -0.26°C/s < 

i 7832 kg/m 3 x0.006mx 549 J/kg-K 

COMMENTS: (1) With Bi = h (S / 2 )/k p = 7.4X10 -4 , use of the lumped capacitance method is 

appropriate. (2) Despite the large plate temperature and the small convection coefficient, if adjoining 
plates are in close proximity, radiation exchange with the surroundings will be small and the 
assumption of negligible radiation is justifiable. 


dT 

dt 







PROBLEM 7.26 


KNOWN: Velocity, initial temperature, and dimensions of aluminum strip on a production line. 
Velocity and temperature of air in counter flow over top surface of strip. 

FIND: (a) Differential equation governing temperature distribution along the strip and expression for 
outlet temperature, (b) Value of outlet temperature for prescribed conditions. 

SCHEMATIC: 


Ti 

8 


= 300°C 


1 


T + dT 


T - 


= 2 mm 


TV- 


5 m 


k- 



<- 

<1 


T m = 20 ° c 

Uqo = 10 m/s 



-> V = 0.1 m/s 


x <- 


T 0 


ASSUMPTIONS: (1) Negligible variation of sheet temperature across its thickness, (2) Negligible 
effect of conduction along length (x) of sheet, (3) Negligible radiation, (4) Turbulent flow over entire 
top surface, (5) Negligible effect of sheet velocity on boundary layer development, ( 6 ) Negligible heat 
transfer from bottom surface and sides, (7) Constant properties. 

PROPERTIES: Table A-l, Aluminum, 2024-T6 (T AL = 500K) :p = 2770kg/m 3 , c p = 983 J/kg • K, 

k=186 W/m-K. Table A-4, Air (p = latm, T f « 400K): v = 26.4xl0 _6 m 2 /s, k = 0.0338 W/m • K, 

Pr = 0.69 

ANALYSIS: (a) Applying conservation of energy to a stationary control surface, through which the 
sheet moves, steady-state conditions exist and E in - E out = 0. Hence, with inflow due to advection 
and outflow due to advection and convection, 

pV A c Cp (T + dT) - pV A c CpT - dq = 0 
+pV<5Wc p dT-h x (dx-W) (T-T oo ) = 0 


dT h x 

— = +--— 

dx pV 8 Cp 


(T - ) 


( 1 ) < 


Alternatively, if the control surface is fixed to the sheet, conditions are transient and the energy 
balance is of the form, -E out = E st , or 


-h x (dxW)(T-T 00 ) = p(dxW«5)c p — 


dT 

dt 


hx 

p<5c p 


(T-T c 


) 


Dividing the left- and right-hand sides of the equation by dx/dt and dx/dt = - V, respectively, equation 
(1) is obtained. The equation may be integrated from x = 0 to x = L to obtain 


j-Tj dT 
T 0 T-T^ 


pV8c t 


ir 

T Jf 


-l 0 h x dx 


Continued 





PROBLEM 7.26 (Cont.) 

where h x = (k/ x) 0.0296 Re^ 5 Pr 1/3 and the bracketed term on the right-hand side of the equation 
reduces to h L = (k/L)0.037ReL /5 Pr 1/3 . 

Hence, 

j Tj-O Lh L 
[To-T^ J pV<5c p 



COMMENTS: (1) With T 0 = 213°C, T A1 = 530K and T f = 41 IK are close to values used to 
determine the material properties, and iteration is not needed. (2) For a representative emissivity of 
e = 0.2 and T sur = T CXJ , the maximum value of the radiation coefficient is 

h r = eg (Tj +T sur )( Tj" +T sur j = 4.1 W/m 2 • K « h L - Hence, the assumption of negligible radiation 
is appropriate. 



PROBLEM 7.27 


KNOWN: Velocity, initial temperature, properties and dimensions of steel strip on a production line. 
Velocity and temperature of air in cross flow over top and bottom surfaces of strip. Temperature of 
surroundings. 

FIND: (a) Differential equation governing temperature distribution along the strip, (b) Exact solution 
for negligible radiation and corresponding value of outlet temperature for prescribed conditions, (c) 
Effect of radiation on outlet temperature, and parametric effect of sheet velocity on temperature 
distribution. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible variation of sheet temperature across its width and thickness, (2) 
Negligible effect of conduction along length (x) of sheet, (3) Constant properties, (4) Radiation 
exchange between small surface (both sides of sheet) and large surroundings, (5) Turbulent flow over 
top and bottom surfaces of sheet, (6) Motion of sheet has a negligible effect on the convection 

coefficient, (V « Uc*.), (7) Negligible heat transfer from sides of sheet. 

PROPERTIES: Prescribed. Steel: p = 7850kg/m 3 ,c p = 620 J/kg • K, e = 0.70. Air: k = 0.044 
W/m-K, v = 4.5x10 5 m“ /s, Pr = 0.68. 

ANALYSIS: (a) Applying conservation of energy to a stationary differential control surface, through 
which the sheet passes, conditions are steady and E in - E out = 0. Hence, with inflow due to advection 
and outflow due to cidvection, convection and radiation 
p V A c Cp T - p V A c Cp (T + dT) - 2 dq = 0 

-p\8 Wc p dT-2(Wdx) h w (T-T 00 ) + ecr(T 4 -T s 4 ur ) =0 

Alternatively, if the control surface is fixed to the sheet, conditions are transient and the energy 
balance is of the form, -E out = E st , or 

-2(Wdx) ii w (T-T, J )-m(T 4 -T 4 1 .) = p(W,Sdx)c p 41 

41 =-7—r h w (T-T m )+£<t(t 4 - T s 4 ur ) 

dt pocpL ' > J 

Dividing the left- and right-hand sides of the equation by dx/dt and V = dx/dt, respectively, Eq. (1) is 
obtained. 

(b) Neglecting radiation, separating variables and integrating, Eq. (1) becomes 

rT — £T — = - 2hw_fX dx 

jT i T-T^ pV<Sc p J0 

Continued. 




PROBLEM 7.27 (Cont.) 


In 


^ T _ T ^ 

1 *00 

T _T 

A 1 L oo 


2h^x 


p V(5c t 


T = T 00 +(T i -T 00 )exp 


2hw x 


p V<5c t 


( 2 ) < 


—5 2 5 

With Re w = li M W/v = 20m/sxlm/4xl0 m / s = 5 x 10 , the correlation for turbulent flow over a 
flat plate yields 

Nu w = 0.037 Re^ 5 Pr 1/3 =0.037 (5xl0 5 ) 4/5 (0.68) 1/3 =1179 

r k— 0.044W/m -K n „ T , 2 „ 

h\Y = — Nu w =-1179 = 51.9W/m K 

W lm 


Hence, applying Eq. (2) at x = L = 10m, 


T 0 =20°C + (480°C)exp 


2x51.9 W/m • KxlOm 


A 


7850kg/m xO.lm/sx0.003mx620J/kg• K 


= 256°C < 


(c) Using the DER function of IHT, Eq. (1) may be numerically integrated from x = 0tox = L= 10m 
to obtain 


T 0 = 210°C < 

Contrasting this result with that of Part (b), it’s clear that radiation makes a discernable contribution 
to cooling of the sheet. IHT was also used to determine the effect of the sheet velocity on the 
temperature distribution. 



Distance along sheet,x(m) 


-e- V=0.05 m/s 
-x- V=0.10 m/s 
-A- V=0.50 m/s 
-V=1.00 m/s 


The sheet velocity has a significant influence on the temperature distribution. The temperature decay 
decreases with increasing V due to the increasing effect of advection on energy transfer in the x 
direction. 

COMMENTS: (1) A critical parameter in the production process is the coiling temperature, that is, 
the temperature at which the wire may be safely coiled for subsequent storage or shipment. The 
larger the production rate (V), the longer the cooling distance needed to achieve a desired coiling 

temperature. (2) Cooling may be enhanced by increasing the cross stream velocity u.^. 




PROBLEM 7.28 


KNOWN: Length, thickness, speed and temperature of steel strip. 

FIND: Rate of change of strip temperature 1 m from leading edge and at trailing edge. Location of 
minimum cooling rate. 


SCHEMATIC: 


T=1Z00K- 


6=0.00 3m <^Air^Tv=300K 

r dE Stld+ 


k_k 


T ^conv^ 


L-lOOm 


->\J=20m/s 


ASSUMPTIONS: (1) Constant properties, (2) Negligible radiation, (3) Negligible longitudinal 
conduction in strip, (4) Critical Reynolds number is 5 x 10 . 

PROPERTIES: Steel (given): p = 7900 kg/m 3 , c p = 640 J/kg-K. Table A-4, Air 

AO * 

(T = 750K, 1 atm): v = 76.4 x 10" 1 m /s, k = 0.0549 W/m-K, Pr = 0.702. 


ANALYSIS: Performing an energy balance for a control mass of unit surface area A s riding with the 
strip, 

— ^out = dEgf /dt 

-2h x A s (T-T 00 )= pSA s c p (dT/dt) 

-2h x (T-Too) 2(900K)h x 


dT/dt): 


p8c 


P 


7900 kg/m 3 (0.003 m) 640 J/kg ■ K 


-0.119h x (K/s). 


Vx 20m/s(lm) c 

Atx=lm, Re x =-=- ^^— = 2.62xl0 3 < Re x c . Hence, 


v 76.4xlO' 6 m 2 /s 


1/2 


a/3 


h x =(k/x)0.332Re x /2 Pr 1/3 = Q - 0549 w/m K (o.332)(2.62xl0 3 ) (0.702) i/J =8.29W/m z K 

1 m ' 


and at x = lm, dT/dt) = -0.987 K/s. 


7 


At the trailing edge, Re x = 2.62x 10 > Re x c . Hence 


4/5r, 1/3 0.0549 W/m-K, 


h x =(k/x)0.0296Re x Pr = 

V ' 100 m 

and at x = 100 m, dT/dt) = -1.47 K/s. 


(0.0296) 12.62xlO 7 ) (0.702 ) iX J =12.4W/m z -K 


4/5 


1/3 


The minimum cooling rate occurs just before transition; hence, for Re x c =5x1 O' 


x c =5xl0 5 (v/V): 


5xl0 5 x76.4xl0 _6 m 2 /s 


1.91 m 


20 m/s 

COMMENTS: The cooling rates are very low and would remain low even if radiation were 
considered. For this reason, hot strip metals are quenched by water and not by air. 




PROBLEM 7.29 


KNOWN: Finned heat sink used to cool a power diode. 

FIND: (a) Operating temperature T d of the diode for prescribed conditions, (b) Options for reducing T d . 


SCHEMATIC: 


A\ 


5 mm 


L f (fin) = 10 mm 


UUUlJ 

o □ □ □ 

H F- *>t 
1.5 mm 

10.5 mm 


Contact resistance, 
R'lc= 10" 5 m 2 °C/W, 
D = 5 mm 


xtx 


/ Diode, 


R t j = 0.8 °C/W, 5W 
(Air) 

£o= 17°C 
4 ^= 10 m/s 


q = 5\N 


>R t i = 0.8 °C/W 


L (plate) = 20 mm 


>R 


t,c 




f,S 


>R t ,o 
^ = 17 °C 


ASSUMPTIONS: (1) All diode power is rejected from the four fins, (2) Diode behaves as an isothermal 
disk on a semi-infinite medium, (3) Fin tips are adiabatic, (4) Fins behave as flat plates with regard to 
forced convection (boundary layer thickness between fins is less than 1.5 mm/2), (5) Negligible heat loss 
from fin edges and prime (exposed base) surfaces. 


PROPERTIES: Table A-l, Aluminum alloy 2024 (T ~ 300 K): k = 177 W/m-K; Table A-4 , Air (T f = 
(T s + TJ/2 » 300 K, 1 atm): v = 15.89 x 10 6 m 2 /s, k = 0.0263 W/m-K. 


ANALYSIS: (a) From the thermal circuit for the system, T c j = +qR tot where 


Rtot — Rt,i + R t,c + R t ,s + R t,o 


Thermal contact resistance, Rj c : 

R t,c = R t,c/ A d =10 _5 m 2 -°C/w/(^:/4)(0.005m) 2 =0.509° C/W. 

Spreading thermal resistance, R t s : This resistance is due to conduction between the diode (an 

isothermal disk) and the heat sink (semi-infinite medium). From Table 4.1, the conduction shape factor 
is S = 2D. Hence, 


R t s = 1/k (2D) = 1/177 W/m ■ K (2x0.005 m) = 0.565° C/W . 


Thermal resistance of the fin array, R t 0 : From Table 3.4 for the fin with insulated tip, 

e h _ l 


R t,f =~ 


Of M tanh(mLf) 


where 


m 2 = (hP/kA c ) 


M* = (hPkA c ) 


1/2 


To estimate the average heat transfer coefficient, consider the fin as a flat plate in parallel flow along the 
length, L p = 20 mm. The Reynolds number is 

Re L =FTP= 10 m/s x 0.020 m =1 259xlp 4 


V 


15.89xl0~ 6 m 2 /s 


Continued... 




PROBLEM 7.29 (Cont.) 


The flow is laminar, in which case 

Nul = — = 0.664 Re} 7 2 Pr 17 3 
k L 

h = Q - Q263w / m k xQ 664 / 1 259 x 10 4 | 1/2 (0.707) 173 = 87.3 w/m 2 ■ K . 

0.020m V ) y ’ ' 

With P = (2t + 2L P ) = 0.046 and A c = tL p = 3 x 10‘ 5 m 2 , 

r -- 1/2 

m = 87.3w/m 2 Kx0.046m/l77W/m Kx3xl0 -5 m 2 = 27.52m~ 1 

1/2 

M* = 87.3w/m 2 Kx0.046mxl77W/m Kx3xl0~ 5 =0.146W/K. 

Hence, with L f = 10 mm, 

R t f = 1/0.146W/Kxtanh(27.52m _1 xO.OlOm) = 25.51° C/W. 

With R t o ~ R t ,f/4, the diode temperature is 

T d = 17°C + 5 w[0.80+ 0.509+ 0.565 + 0.25(27.3)]° C/W ~ 58°C < 

(b) The IHT Extended Surfaces Model for an Array of Straight, Rectangular Fins was used with the 
External Flow, Flat Plate option from the Correlations Tool Pad to assess the effects of varying u TC and 
L f . 



Freestream velocity, uinf(m/s) 


Fin length, Lf(m) 


Clearly, there are benefits to increasing both quantities, with T d reduced from approximately 58°C (u^ 

= 10 m/s, L f - 10 mm) to 47.2°C (u^ = 25 m/s, L f - 10 mm) to 38.5°C (= 25 m/s, L f - 20 mm). For 
Uoq = 25 m/s and L f = 20 mm, the fin efficiency remains large (% = 0.87), suggesting that, air flow and 
space limitations permitting, significant reduction, in T d could still be gained by going to even larger 
values of L f . 

Subject to the constraint that the spacing between fins between remain at or larger than 1.5 mm, 
there is no advantage to reducing the fin thickness. For a thickness of 0.5 mm, it would be possible to 
add only one more fin (N = 5), yielding T d = 44.4°C for u^ = 25 m/s and L f = 20 mm. 

COMMENTS: Note that the fin resistance makes the dominant contribution to the total resistance. 
Hence, efforts to reduce the total resistance should focus on reducing the fin resistance. 





PROBLEM 7.30 


KNOWN: Dimensions of aluminum heat sink. Temperature and velocity of coolant (water) flow 
through the heat sink. Power dissipation of electronic package attached to the heat sink. 

FIND: Base temperature of heat sink. 


SCHEMATIC: 


K-— wi = 110 mm 

t = 10 mm —s k— S = 20 mm 


Lf = 60 mm 


Lb = 20 mm 




'T„ 

= 17°C 
= 3 m/s 


Aluminum 
heat sink 


/TH 

w 2 = 110 mm 


q = P e iec= 1200W 


— / vV\A— 

Rb R t,o 


ASSUMPTIONS: (1) Average convection coefficient association with flow over fin surfaces may be 
approximated as that for a flat plate in parallel flow, (2) All of the electric power is dissipated by the 
heat sink, (3) Transition Reynolds number of Re x c = 5 x 10 5 , (4) Constant properties. 

PROPERTIES: Given. Aluminum: k hs = 180 W/m-K. Water: k w = 0.62 W/m-K, v = 7.73 x 10~ 7 
m 2 /s, Pr = 5.2. 

ANALYSIS: From the thermal circuit, 

—St 

where R b = L b /k hs (wj xw 2 ) = 0.02m/180W/m• K(O.llm) 2 =9.18x10 3 K/W and,fromEqs. 

3.102 and 3.103, 

R,,o=jhA t 1-^(1-%) J 

The fin and total surface area of the array are A t - = 2w 2 (L f + 1 /2) = 0.22m(0.065m) = 0.0143rrT and 
A t = NA f +A b =NA f +(N-l)(S-t)w 2 = 6 (o.0143m 2 ) +5 (O.Olm)O.l lm = (0.0858 + 0.0055) = 0.0913m 2 

With Re Wi = u 00 w 2 /v = 3m/sx0.11m/7.73xl0 7 m 2 /s = 4.27xl0 5 , laminar flow may be assumed 
over the entire surface. Hence 


k 

h = - 


— 0.664 Re 1 ' 2 Pr 1 ' 3 = 


0.62 W/m-K 
0.11m 


0.664 4.27x10’ 


\ 1 / 2 

) (5-2) 


l 1/3 = 4236 W/m 2 • K 


With m = 


1/2 

(2h/k hs t) 1/2 = ^8472 W/m 2 • K/180W/ m• KxO.Olmj =68.6m _1 , mL c =68.6m _1 


(0.065m) = 4.46 and tanh mL c = 0.9997, Eq. 3.89 yields 

tanhmL c 0.9997 
m =-^ =-= 0.224 


Continued 




PROBLEM 7.30 (Cont.) 

Hence, 

\ 2 2 0.0858 m“ , , ] _3 ^ 

R t 0 =<U236W/m -Kx0.0913in 1--(0.776) > =9.55x10 J K/W < 

" [ [ 0.0913 m 2 JJ 

and 

T b =T 00 +P elec (R b +R t o ) = 17°C + 1200W(0.0187K/W) = 39.5°C < 

COMMENTS: (1) The boundary layer thickness at the trailing edge of the fin is 

/ a /2 . . 

S = 5w 2 / (Re Wl J = 0.84 mm « (S - 1 ). Hence, the assumption of parallel flow over a flat plate is 

reasonable. (2) If a finned heat sink is not employed and heat transfer is simply by convection from 
the w 2 x w 2 base surface, the corresponding convection resistance would be 0.0195 K/W, which is 
only twice the resistance associated with the fin array. The small enhancement by the array is 
attributable to the large value of h and the correspondingly small value of rjf. Were a fluid such as 
air or a dielectric liquid used as the coolant, the much smaller thermal conductivity would yield a 
smaller h, a larger rjf and hence a larger effectiveness for the array. 



PROBLEM 7.31 


KNOWN: Plate dimensions and freestream conditions. Maximum allowable plate temperature. 


FIND: (a) Maximum allowable power dissipation for electrical components attached to bottom of plate, 
(b) Effect of air velocity and fins on maximum allowable power dissipation. 

SCHEMATIC: 



and fins (Part b) 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible heat loss form 
sides and bottom, (4) Transition Reynolds number is 5 x 10 5 , (5) Isothermal plate. 

PROPERTIES: Table A.l, Aluminum (T - 350 K): k » 240 W/m-K; Table A.4 , Air (T f = 325 K, 1 
atm): v = 18.4 x 10 6 m 2 /s, k = 0.028 W/m-K, Pr = 0.70. 


ANALYSIS: (a) The heat transfer from the plate by convection is 
Pelec = 9 = hA s (T s — ). 

For = 15 m/s, 

„ u^L 15m/sxl.2m „ „ 


V 18.41xl0~ 6 m 2 /s 

Hence, transition occurs on the plate and 


9.78x10 > Re. 


Nul =(0.037ReJ /5 -87l)pr 1/3 = 0.037 (9.78xl0 5 ) -871 (0.70) 1/3 = 1263 


r , T k 0.028W/m K / 2 

h = Nu l — = 1263--= 29.7 W/m z ■ K 

L 1.2m 


The heat rate is 


q = 29.7 w/m 2 ■ K(l.2m) 2 (350-300)K = 2137 W . < 

(b) The effect of the freestream velocity was considered by combining the Correlations Toolpad for the 
average coefficient associated with flow over a flat plate with the Explore and Graph options of IHT. 



5 


10 15 20 

Freestream velocity, uinf(m/s) 


25 


Continued... 




PROBLEM 7.31 (Cont.) 


The effect of increasing is significant, particularly following transition at ~ 7.7 m/s. A 
maximum heat rate of q = 3876 W is obtained for u^ = 25 m/s, which corresponds to h ~ 54 W/m 2 K 
and Re L = 1.63 x 10 6 . 

The Extended Surfaces Model for an Army of Straight Rectangular Fins was used with the 
Correlations Toolpad to determine the effect of adding fins, and a copy of the program is appended. 
With L f = 25 mm, w = 1.2 m, t = 0.005 m, S = 0.015 m, N = 80 and u^ = 25 m/s, the solution yields 

q= 16,480 W < 

which is more than a four-fold increase relative to the unfinned case. 

COMMENTS: (1) With a fin efficiency of % = 0.978, there is significant latitude for yet further 
enhancement in heat transfer, as, for example, by increasing the fin length, L f . 

(2) The IHT code below includes the model for the Extended Surface, Array of Straight Fins and the 
Correlation for the convection coefficient of a flat plate with mixed flow conditions. 

/* Fin analysis results, uinf = 25 m/s 

Ab Acb Af Ap At Aw etaf etaoc m qt R"tc 

0.96 0.006 0.066 0.0001375 6.24 1.44 0.978 0.9814 9.471 

1.648E4 0 7 

/* Correlation results and air thermophysical properties at Tf 

NuLbarPr ReL Tf hLbar k nu uinf 

2294 0.7035 1.63E6 325 53.82 0.02815 1.841E-5 25 7 

// IHT Model, Extended Surfaces, Array of Straight Rectangular Fins 

I* Model : Fin array with straight fins of rectangular profile, thickness t, width w and length L. Array has N 
fins with spacing S. 7 

I* Find : Array heat rate and performance parameters 7 

/* Assumptions :(1) Steady-state conditions, (2) One-dimensional conduction along the fin, (3) Constant 
properties, (4) Negligible radiation exchange with surroundings, (5) Uniform convection coefficient over 
fins and base, (6) Insulated tip, Lc = L + t / 2 7 

// The total heat rate for the array 
qt = (Tb - Tinf) / (Rtoc) // Eq 3.104 

r where the fin array thermal resistance, including thermal contact resistance, R"tc, at the fin base is 7 
Rtoc = 1 / (etaoc * h * At) 

// The overall surface efficiency is 

etaoc = 1 - (N * Af / At) * (1 - etaf/ Cl) //Eq 3.105 

Cl = 1 + etaf * h * Af * (R"tc / Acb) 

// where N is the total number of fins, and the surface area of a single fin is 
Af = 2 * w * Lc 

// where the equivalent length, accounting for the adiabatic tip, is 
Lc = Lf + (t / 2) 

/* The surface area associated with the fins and the exposed portion of the base (referred to also as the 
prime surface, Ab) is 7 
At = N * Af + Ab 
Ab = Aw - N * Acb 

// The total area of the base surface follows from the schematic 
Aw = w * N * S 

// where S is the fin spacing. The base area for a single fin is 
Acb = t * w 


// The fin efficiency for a single fin is: 
etaf = (tanh(m * Lc)) / (m * Lc) 

// where 

m = sqrt(2 * h / (kf * t)) 


// Eq 3.89 



PROBLEM 7.31 (Cont.) 


/* The input (independent) values for this system are: 
Fin characteristics 7 


Tb = 350 
t = 0.005 

w= 1.2 
Lf = 0.025 
S= 0.015 
N = 80 
kf = 240 


// base temperature, K 

// thickness, m 

// spacing width, m 

// length, m 

// fin spacing, m 

// number of fins 

//thermal conductivity, W/m-K 


// Convection conditions 

Tinf = 300 // fluid temperature, K 

h = hLbar // convection coefficient,W/m A 2-K 


/* Thermal contact resistance per unit area at fin base. Set equal to zero if not present. 7 
R"tc =0 // thermal resistance per unit area, K-m A 2/W 

// Correlation, External flow, Flate Plate, Laminar or Mixed Flow 

NuLbar = NuL_bar_EF_FP_LM(ReL,Rexc,Pr) // Eq 7.31,7.39, 7.40 
NuLbar = hLbar * L / k 
ReL = uinf * L / nu 
Rexc = 5.0E5 

// Evaluate properties at the film temperature, Tf. 

Tf = (Tinf + Tb) / 2 

I* Correlation description: Parallel external flow (EF) over a flat plate (FP), average coefficient; laminar (L) 
if ReL<Rexc, Eq 7.31; mixed (M) if ReL>Rexc, Eq 7.39 and 7.40: 0.6<=Pr<=60. See Table 7.9. 7 

// Air property functions : From Table A.4 

// Units: T(K); 1 atm pressure 

nu = nu_T(”Air",Tf) // Kinematic viscosity, m A 2/s 

k = k_T("Air",Tf) // Thermal conductivity, W/m-K 

Pr = Pr_T("Air",Tf) // Prandtl number 

// Input variables, correlation 

uinf = 25 // freestream velocity, m/s 

L = 1.2 // plate width, m 



PROBLEM 7.32 


KNOWN: Operating power of electrical components attached to one side of copper plate. Contact 
resistance. Velocity and temperature of water flow on opposite side. 

FIND: (a) Plate temperature, (b) Component temperature. 

SCHEMATIC: 


k c -lcm z 

R+ c -Zxl6 4 m z -KlVi 


ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible heat loss from 
sides and bottom, (4) Turbulent flow throughout. 

PROPERTIES: Water (given): v = 0.96 x 10 ^ m /s, k = 0.620 W/m-K, Pr = 5.2. 

ANALYSIS: (a) From the convection rate equation, 

T s = Lo + q/h A 

2 2 

where q = Nq c = 2500 W and A = L = 0.04 m . The convection coefficient is given by the turbulent 
flow correlation 

h = Nu L (k/L) = 0.037Re^ 5 Pr 1/3 (k/L) 

where 

Re L = ( Uoo L/v) = (2 m/s x0.2m)/0.96x 10 _6 m 2 / s = 4.17 xlO 5 
and hence 

h = 0.037|4.17xl0 5 ) 4/5 ( 5.2) 1/3 ( 0.62 W/m- K/0.2 m) = 6228 W/m 2 ■ K. 

The plate temperature is then 

T s = 17°C +2500 W/(6228 W/m 2 -Kj(0.20m) 2 =27°C. < 

(b) For an individual component, a rate equation involving the component’s contact resistance can be 
used to find its temperature, 

qc=(T c -T s )/R t , c =(T c -T s )/(Rt, c /A c ) 

T c =T S +q c Rt, c / A c = 27°C + 25 w(2xl0' 4 m 2 -K/wj/10 -4 m 2 

T c =77°C. < 

COMMENTS: With Rep = 4.17 XlO 3 , the boundary layer would be laminar over the entire plate 
without the boundary layer trip, causing T s and T c to be appreciably larger. 




PROBLEM 7.33 


KNOWN: Air at 27°C with velocity of 10 m/s flows turbulently over a series of electronic devices, each 
having dimensions of 4 mm x 4 mm and dissipating 40 mW. 

FIND: (a) Surface temperature T s of the fourth device located 15 mm from the leading edge, (b) 
Compute and plot the surface temperatures of the first four devices for the range 5 < u^ <15 m/s, and 
(c) Minimum free stream velocity u^ if the surface temperature of the hottest device is not to exceed 
80°C. 

SCHEMATIC: 



ASSUMPTIONS: (1) Turbulent flow, (2) Heat from devices leaving through top surface by convection 
only, (3) Device surface is isothermal, and (4) The average coefficient for the devices is equal to the local 
value at the mid position, i.e. I14 = h x (L). 


PROPERTIES: Table A.4 , Air (assume T s = 330 K, T = (T s + )/2 = 315 K, 1 atm): k = 0.0274 

W/m-K, v = 17.40 x 10 6 m 2 /s, a = 24.7 x 10 6 m 2 /s, Pr = 0.705. 


ANALYSIS: (a) From Newton’s law of cooling, 

T s = + q conv /I14 A s (1) 

where I14 is the average heat transfer coefficient over the 4th device. Since flow is turbulent, it is 
reasonable and convenient to assume that 

I 14 = h x (L = 15 mm). (2) 


To estimate h x , use the turbulent correlation evaluating thermophysical properties at Tf = 315 K (assume 
T s - 330 K), 

Nu x =0.0296Re^ /5 Pr 1/3 


where 


UooL 10m/sx0.015m 

K.e^ — — / — oozi 

V 17.4xl0“ 6 m 2 /s 


giving 

Nu x = 0.0296(8621) 4/5 (0.705) 1/3 =37.1 
k 

r , Nu x k 37.1x0.0274W/m-K rnom l 2 „ 

h 4 =h x = ^ =--= 67.8 W/m-K 

4 x L 0.015m ' 

Hence, with A s = 4 mm X 4 mm, the surface temperature is 


T s = 300K + - 


40x10 3 W 


67.8w/m 2 Kx(4xl0 3 mj" 


■ = 337K = 64°C. 


< 


Continued... 



PROBLEM 7.33 (Cont.) 


(b) The surface temperature for each of the four devices (i = 1, 2, 3 4) follows from Eq. (1), 

Ts,i = Too +c lconv/hi A s (3) 

For devices 2, 3 and 4, hj is evaluated as the local coefficient at the mid-positions, Eq. (2), x 2 = 6.5 mm, 
x 3 = 10.75 mm and x 4 = 15 mm. For device 1, h] is the average value 0 to xi, where evaluated xi = Li = 
4.25 mm. Using Eq. (3) in the IHT Workspace along with the Correlations Tool, External Flow, Local 
Coefficient for Laminar or Turbulent Flow, the surface temperatures T Sji are determined as a function of 
the free stream velocity. 



(c) Using the Explore option on the Plot Window associated with the IHT code of part (b), the minimum 
free stream velocity of 

Uoq = 6.6 m/s ^ 

will maintain device 4, the hottest of the devices, at a temperature T s?4 = 80°C. 

COMMENTS: (1) Note that the thermophysical properties were evaluated at a reasonable assumed film 
temperature in part (a). 

(2) From the T Sji vs. u TC plots, note that, as expected, the surface temperatures of the devices increase with 
distance from the leading edge. 




PROBLEM 7.34 


KNOWN: Convection correlation for irregular surface due to electronic elements mounted on a 
circuit board experiencing forced air cooling with prescribed temperature and velocity 

FIND: Surface temperature when heat dissipation rate is 30 mW for chip of prescribed area located a 
specific distance from the leading edge. 


SCHEMATIC: 

Ufjo-lOmfs 



ASSUMPTIONS: (1) Situation approximates parallel flow over a flat plate with prescribed 
correlation, (2) Heat rate is from top surface of chip. 

PROPERTIES: Table A-4, Air (assume T s ~ 45°C, then T = (45 + 25)°C/2 ~ 310 K, 1 atm): k = 
0.027 W/mK, v = 16.90 x 10 " 6 m 2 /s, Pr = 0.706. 


ANALYSIS: For the chip upper surface, the heat rate is 

C 1 chip = hchip^s - ) or T s = Xo + Ochip /h C hipA s 
Assuming the average convection coefficient over the chip length to be equal to the local value at the 
center of the chip (x = x Q ), h c hip ~ h x (x G ), where 

Nu x = 0.04Re x 85 Pr 0 ' 33 

10 m/sx0.120 m/16.90xl0" 6 m 2 / s)°' 85 (0.706) 0 ' 33 = 473.4 

Nu^k = 473.4X0.027 W/m.K = 1 () 7 W/m 2. K 
x 0 0.120 m 

Hence, 

2 

T s = 25°C +30xl0 -3 W/107 W/m 2 ■ Kx|4xl0 _3 mj^ = (25 + 17.5)° C = 42.5°C. < 


Nu x =0.041 


COMMENTS: (1) Note that the assumed value of T used to evaluate the thermophysical properties 
was reasonable. (2) We could have evaluated h c pjp by two other approaches. In one case the 

average coefficient is approximated as the arithmetic mean of local values at the leading and trailing 
edges of the chip. 

h c hip « [ h x2 ( x 2) + h xl ( X 1)] / 2 = 107 W/m 2 ■ K. 

The exact approach is of the form 

^chip ' - = h x 2 ' x 2 ~ ^xl' X 1 
Recognizing that h x ~ x ^it follows that 


h x =ij X h x d x = 1.176h x 
x o 

and h c hjp = 108 W/m ■ K. Why do results for the two approximate methods and the exact method 
compare so favorably? 



PROBLEM 7.35 


KNOWN: Air at atmospheric pressure and a temperature of 25°C in parallel flow at a velocity of 5 

2 

m/s over a 1-m long flat plate with a uniform heat flux of 1250 W/m . 


FIND: (a) Plate surface temperature, T S (L), and local convection coefficient, h x (L), at the trailing 
edge, x = L, (b) Average temperature of the plate surface, T s , (c) Plot the variation of the plate surface 

temperature, T s (x), and the convection coefficient, h x (x), with distance on the same graph; explain key 
features of these distributions. 


SCHEMATIC: 


Too = 25°C 
Uqq = 5 m/s 


T s (x),T s ,q“ = 1250 W/m 2 

/ T s (L) 


|WWWW wwwv^ 


-> X 


I 

L =1 m 


ASSUMPTIONS: (1) Steady-state conditions, (2) Flow is fully turbulent, and (3) Constant 
properties. 


PROPERTIES: Table A-4 , Air (assume T f = 325 K, 1 atm): v = 18.76 x 10 ~ 6 m 2 /s; k = 0.0284 
W/m-K; Pr = 0.703 

ANALYSIS: (a) At the trailing edge, x = L, the convection rate equation is 

0 s = Ocv = (L)[T S (L) —Tqo J (1) 

where the local convection coefficient, assuming turbulent flow, follows from Eq. 7.51. 

Nu x = ^ = 0.0308 Re^ /5 Pr 1/3 (2) 

k 

With x = L = lm, find 

Re x = UooL/v =5 m/sxl m/18.76xl0 _() m 2 / s = 2.67xlO 3 
h x (L) = (0.0284 W/m K/lm)x0.0308(2.67xl0 5 ) 4/5 (0.703) 1/3 =17.1 W/m 2 K 
Substituting numerical values into Eq. (1), 

T s (L) = 25°C + 1250 W/m 2 /17.1 W/m 2 ■ K = 98.3°C < 


(b) The average surface temperature T s follows from the expression 


T -T 

x s + 


M L 

L 0 


T (T s -T„)* 


Os f L x 
L Jo kNu x 


dx 


(3) 


where Nu x is given by Eq. (2). Using the Integral function in IHT as described in Comment (3) find 


T s = 86.1°C. 


< 


(c) The variation of the plate surface temperature T s (x) and convection coefficient, h x (x), shown in the 
graph are calculated using Eqs. (1) and (2). 

Continued. 




PROBLEM 7.35 (Cont.) 



- h_x, W/m A 2-K 

—Ts_x, C 


COMMENTS: (1) To avoid performing the integration of part (b), it is reasonable to use the 
approximate, simpler Eqs. 7.53a and integrating Eq. 7.51, 

N^ l =0.0385 ReJ /5 p r 1/3 =0.0385(2.67xl0 5 ) 4/5 (0.703) 1/3 =751 


h L = Nu L k/L = 751x0.0284 W/m-K/1 m = 213 W/m z K 


T,=T 00 + = 83.6°C. 

kNu L 


(2) The properties for the correlation should be evaluated at Tf = (T s + T^ )/ 2. From the foregoing 
analyses, Tf = (86.1 + 25)°/2 = 55.5°C = 329 K. Hence, the assumed value of 325 K was reasonable. 

(3) The IHT code, excluding the input variables and air property functions, used to evaluate the 
integral of Eq. (3) and generate the graphs in part (c) is shown below. 

/* Programming note: when using the INTEGRAL function, the value of the independent variable 
must not be specified as an input variable. If done so, this error message will appear: 

"Redefinition of a constant variable." */ 

// Turbulent flow correlation, Eq. 7.50, local values 

Nu_x = 0.0308 * Re_x A 0.8 * Pr A 0.333 
Nu_x = h_x * x / k 
Re_x = uinf * x / nu 

// Plate temperatures 

// Local 

Ts_x = Tint + q"s / h_x 
// Average 

Ts_avg - Tint = q"s / L * INTEGRAL (y.x) 
delT_avg = Ts_avg - Tint 
y = x / (k * Nu_x) 




PROBLEM 7.36 


KNOWN: Conditions for airflow over isothermal plate with optional unheated starting length. 

FIND: (a) local coefficient, h x , at leading and trailing edges with and without an unheated starting 
length, ^ = 1 m. 

SCHEMATIC: 

1 / 00 = 2 m/s 


7^= 300 K 


@ 


T s = 350 K 




1 t ^ => \ 

£ = 1 m 2 m 


3 


£ = 1 m 


- Unheated — 
starting length 


Heated length, £ = 0 


PROPERTIES: 7aWe A.4, Air (T f = 325 K, 1 atm): v = 18.4 x 10 6 m 2 /s, Pr = 0.703, k = 0.0282 
W/m-K. 

ANALYSIS: (a) The Reynolds number at ^ = 1 m is 


Re<s 


u^ _ 2m/sxlm 
V 18.4xl0~ 6 m 2 /s 


= 1.087x10“ 


If Re x , c = 5x 10 5 , flow is laminar over the entire plate (with or without the starting length). In general, 


Nu, 


0.332Re 1 x /2 Pr 1/3 


MS/*) 


3/4 


1/3 


( 1 ) 


h x = 


(o.332kPr 1/3 )Re x /2 




3/4 


-.1/3 


■ = 0.00832 W/m-K- 


Re 


1/2 


MS/*) 


3/4 


1/3 


With Unhecited Starting Length: Leading edge (x = 1 m): Re x = Re^, c/x = 1, h x = 00 

.5 


Trailing Edge (x = 2 m): Re x = 2Re ( s = 2.17xlO J , £/x = 0.5 

( 2J 


h x = 0.00832 W/m-K- 


5\ 1/2 

,17xl0 3 1 


2 m 


1 — ( 0-5 ) 


3/4 


1/3 


2.61W/ m K 


Without Unheated Starting Length: Leading edge (x = 0): 


hv = ■ 


Trailing edge (x = 1 m): Re x = 1.087 x 10 5 


h x =0.00832 W/m-K 


(l.087xl0 5 ) 

Lm” 


1/2 


■ = 2.74 W/m z ■ K 


(b) The average convection coefficient hp for the two cases in the schematic are, from Eq. 6.6, 


Continued... 



PROBLEM 7.36 (Cont.) 


h L = Ef= 0 hx(x ) dx 

where L is the x location at the end of the heated section. Substituting Eq. (1) into Eq. (2) and 
numerically integrate, the results are tabulated below: 


( 2 ) 


5(m) h x (L)(W/m 2 -K) h L (W/nT-K) 

0 2.74 5.41 

1 2.61 4.22 < 

(c) The variation of the local convection coefficient over the plate, with and without the unheated starting 
length, using Eq. (1) is shown below. The abscissa is x - 



- Without starting length 

—©— Unheated starting length, zeta = 1 


COMMENTS: (1) When the velocity and thermal boundary layers grow simultaneously ( without 
starting length ), we expect the local and average coefficients to be larger than when the velocity 
boundary layer is thicker (with starting length). 

(2) When £, = 0, h L = 2h L , when £, = 1, h L < 2h L . From Eq. (7.49), h L = 4.25 W / m 2 ■ K. 

(3) The numerical integration of Eq. (2) was performed using the INTEGRAL (f,x) operation in IHT as 
shown in the Workspace below. 

// Average Coefficient: 

hbarL = 1 / (L - zeta ) * INTEGRAL (hx,x) 

// Local Coefficient With Unheated Starting Length: 

hx = ( k / x) * 0.332 * Rex A 0.5 * Pr A 0.3333 / (1 - (zeta / x) A (3/4) ) A (1/3) 

Rex = uinf * x / nu 

// Properties Tool - Air: 

// Air property functions : From Table A.4 
// Units: T(K); 1 atm pressure 

nu = nu_T("Air",Tf) // Kinematic viscosity, m A 2/s 

k = k_T("Air",Tf) // Thermal conductivity, W/m-K 

Pr = Pr_T("Air",Tf) // Prandtl number 

Tf = 325 // Film temperature, K 

// Assigned Variables: 

uinf =2 // Airstream velocity, m/s 

x = 1 // Distance from leading edge, m 

L = 2 // Full length of plate, m 

zeta = 1 // Starting length, m 

xzeta = x - zeta // Difference 




PROBLEM 7.37 


KNOWN: Cover plate dimensions and temperature for flat plate solar collector. Air flow conditions. 

FIND: (a) Heat loss with simultaneous velocity and thermal boundary layer development, (b) Heat 
loss with unheated starting length. 


SCHEMATIC: 


Uoo-Z m/s 

~lco -10°C 


Plaie 



Poof 


T S =15°C 



L=3m 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation, (3) Boundary layer is not 
disturbed by roof-plate interface, (4) Re x c =5x10 3 . 

PROPERTIES: Table A-4, Air (T f = 285.5K, 1 atm): v = 14.6 x 1()" 6 m 2 /s, k = 0.0251 W/rnK, Pr 
= 0.71. 


ANALYSIS: (a) The Reynolds number for the plate of L = lm is 
UqqL 

Re L =- 


2 m/s x lm , „ 

-= 1.37x HP < Re x , c . 


14.6x10 m /s 


For laminar flow 


Nu 


L 


1/2 


■ 0.664 Ref 2 Pr 1/3 = 0.664(l.37xl0 5 V"(0.71) 1/3 =219.2 


q = -Nu l A s (T s -Too) = 0-0251 W/m K 219.2(2m 2 )5°C = 55 W. 
L lm \ ' 

(b) The Reynolds number for the roof and collector of length L = 3m is 

_ 2 m/sx 3m ... . <5 

Rep- 7 2 -4.11x10 <Re xc . 

14.6xl0' b m^/s 

Hence, laminar boundary layer conditions exist throughout and the heat rate is 

x dx 


q = 


L ( 

I q"dA = (T s -T 00 ) 0.332 


Ua 

V 


\l/2 L 

Pr 1/3 kW I 

% 


l-(^/x) 


3/4 


1/3 


q= 5°C 0.332 


2 m/s 


\l/2 


14.6xl0" 6 m 2 /s 


, ,0 W .L 

(0.7l) i/3 0.0251-2mI 

m ■ K t 


- 1/2 


dx 


l-(^/x) 


3/4 


-il/3 


Using a numerical technique to evaluate the integral, 
3 .,-1/2 

q = 27.50 I 


-dx 


l-( 2 . 0 /x) 


3/4 


nl/3 


27.50x1.417 = 39 W 


< 


- 2 
COMMENTS: Values of h with and without the unheated starting length are 3.9 and 5.5 W/m K. 

Prior development of the velocity boundary layer decreases h. 



PROBLEM 7.38 


KNOWN: Surface dimensions for an array of 10 silicon chips. Maximum allowable chip 
temperature. Air flow conditions. 

FIND: Maximum allowable chip electrical power (a) without and (b) with a turbulence promoter at 
the leading edge. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Film temperature of 52°C, (3) Negligible radiation, 
(4) Negligible heat loss through insulation, (5) Uniform heat flux at chip interface with air, ( 6 ) 

Rex, c = 5xl0~\ 

PROPERTIES: Table A-4, Air (T f = 325K, 1 atm): v = 18.4 x 10 " 6 inVs, k = 0.0282 W/mK, Pr = 
0.703. 

ANALYSIS: R^l =u 00 L/v = 40 m/sx0.1 m/18.4 xlO " 6 m 2 /s =2.174xl0 5 . Hence, flow is 
laminar over all chips without the promoter. 


(a) For laminar flow, the min imum h x exists on the last chip. Approximating the average coefficient 
for Chip 10 as the local coefficient at x = 95 mm, hp) = h x =0.095m- 

h 10 = 0.453-Rel^Pr 173 


= ^x = 40m/sx0.095m =2 _ 065xl() 5 


18.4xl0 -6 m 2 /s 


0.095 


1/2 


h 10 = 0.453 0,0282K ( 2 - 065x 1q5 ) ~(0.703) 1/3 = 54.3W/m 2 K 


W 


q 10 = h 10 A(T s -Too) =54.3—--(0.01 m)~ (80 - 24)°C= 0.30 W. 

m-K 

Hence, if all chips are to dissipate the same power and T s is not to exceed 80°C. 

Omax =0.30 W. 

(b) For turbulent flow, 

h 10 =0.0308-Re x /5 Pr 1/3 =0.308 00282W/m K (2.065xl0 5 ) 4/5 ( 0.703) 1/3 = 145W/m 2 K 
x 0.095 m ' ' 

W 


q 10 = h 10 A(T s —Too) =1452—^—(0.01 m) z (80-24)° C = 0.81 W. 

m 2 ■ K 


Hence, 


Omax —0.81 W. 


COMMENTS: It is far better to orient array normal to the air flow. Since h| > h |q , more heat 
could be dissipated per chip, and the same heat could be dissipated from each chip. 



PROBLEM 7.39 

KNOWN: Dimensions and maximum allowable temperature of a silicon chip. Air flow conditions. 
FIND: Maximum allowable power with or without unheated starting length. 

SCHEMATIC: 


u m -ZOm/s 

Too =24°C 



ASSUMPTIONS: (1) Steady-state conditions, (2) Tf = 52°C, (3) Negligible radiation, (4) Negligible 
heat loss through insulation, (5) Uniform heat flux at chip-air interface, ( 6 ) Re x _ c = 5 x 10 . 

PROPERTIES: Table A-4, Air (Tf = 325K, 1 atm): v = 18.41 x 10 " 6 m 2 /s, k = 0.0282 W/mK, Pr = 
0.703. 

ANALYSIS: For uniform heat flux, maximum T s corresponds to minimum h x . Without unheated 
starting length, 

' = 20 m/sx 0.01 m = lft864 

V 18.41xl0' 6 m 2 /s 

With the unheated starting length, L = 0.03 m, Rep = 32,591. Hence, the flow is laminar in both cases 
and the minimum h x occurs at the trailing edge ( x = L). 

Without unheated starting length , 

h L =-0.453Rep 2 Pr l/3 = Q ' 0282 W/m ' K 0 , 453 (10.864 ) 1 /2 (0.703) 1/3 < 

L 0.01 m 

h L =118 W/m 2 K 

q" (L) =h L (T s -T to ) = 118 W/m 2 ■ K (80 -24)° C = 6630 W/m 2 

2 

q max = A s q" = (l0 _ 2 m) 6630 W/m 2 = 0.66 W. < 

With the unheated starting length, 

h = JSq 453 Rej / 2 Pr 1/3 _ 0.0282 W/m-K ( ) ^ (32,95l) 1/2 (0.703) 173 

L L ‘ r , 3 / 4 - 11/3 0.03 m ‘ r . A/ 4 l 1/3 

l-(^/Lf /4 1-(0.02/0.03)^ 

h L =107 W/m 2 -K 

q"(L) =h L (T s -Too ) =107 W/m 2 ■ K (80-24)° C = 6013 W/m 2 

Omax = A s q" = 10" 4 m 2 x6013 W/m 2 = 0.60 W. < 


COMMENTS: Prior velocity boundary layer development on the unheated starting section decreases 
h x , although the effect diminishes with increasing x. 




PROBLEM 7.40 


KNOWN: Experimental apparatus providing nearly uniform airstream over a flat test plate. 

Temperature history of the pre-heated plate for airstream velocities of 3 and 9 m/s were fitted to a fourth- 
order polynomial. 

FIND: (a) Convection coefficient for the two cases assuming the plate behaves as a spacewise 

isothermal object and (b) Coefficients C and m for a correlation of the form Nul = CRe m Pr 1/3 ; 
compare result with a standard-plate correlation and comment on the goodness of the comparison; 
explain any differences. 

SCHEMATIC: 


<CM? 

T= 20 °C 



U^ (m/s) 

3 

9 

At(s) 

300 

160 

a (°C) 

56.87 

57.00 

b (°C/s) 

-0.1472 

-0.2641 

c (°C/s 2 ) 

3 x 10' 4 

9 x 10~ 4 

d (°C/s 3 ) 

-4 X 10‘ 7 

-2 X 10" 6 

e (°C/s 4 ) 

2 X 10 40 

1 X 10 9 


ASSUMPTIONS: (1) Airstream over the test plate approximates parallel flow over a flat plate, (2) Plate 
is spacewise isothermal, (3) Negligible radiation exchange between plate and surroundings, (4) Constant 
properties, and (5) Negligible heat loss from the bottom surface or edges of the test plate. 

PROPERTIES: Table A.4. Air (T f = ( T s - TJ/2 - 310 K, latm): k a = 0.0269 W/m-K, V = 1.669 x 10 5 
m 2 /s, Pr = 0.706. Test plate (Given): p = 2770 kg/m 3 , c p = 875 J/kg-K, k = 177 W/m-K. 

ANALYSIS: (a) Using the lumped-capacitance method, the energy balance on the plate is 

jrji 

~hpAs (0 — ^oo] = P^ c p (1) 

and the average convection coefficient can be determined from the temperature history, T s (t), 

pycp (dx/d.) 

A s T s (t)-X» 

where the temperature-time derivative is 

^ = b + 2ct + 3dt 2 +4et 3 (3) 

dt 

The temperature time history plotted below shows the experimental behavior of the observed data. 



- unit = 3 m/s 

—A— unit = 5 m/s 


Continued... 





PROBLEM 7.40 (Cont.) 


Consider now the integrated form of the energy balance, Eq. (5.6), expressed as 

TsW-T^ 


ln- 


T -T 

A 1 A oo 


' h L A s ' 

pVc 


t 


(4) 


V ' J 

If we were to plot the LHS vs t, the slope of the curve would be proportional to hp • Using IHT, plots 
were generated of lip vs. T s , Eq. (1), and In |^(T S (t) — )/(Tj — )J vs. t, Eq. (4). From the latter 


plot, recognize that the regions where the slope is constant corresponds to early times (< 100s when 
= 3 m/s and < 50s when u^ = 5 m/s). 




Selecting two elapsed times at which to evaluate hp, the following results were obtained 


Uqq (m/s) 

t(s) 

T s (t), (°C) 

hp (W/m 2 K) 

Nup 

Re L 

3 

100 

44.77 

30.81 

152.4 

2.39 x 10' 

9 

50 

45.80 

56.7 

280.4 

7.17 x 10' 


where the dimensionless parameters are evaluated as 

N^l=-^ Re L = — (5,6) 

k a V 

where k a , v are thermophysical properties of the airstream. 

(b) Using the above pairs of Nup and Re L , C and m in the correlation can be evaluated, 

N^L=CRe“Pr 1/3 (7) 

152.4 = C(2.39 x 10 4 ) m (0.706) 1/3 

280.4 = C(7.17 x 10 4 ) m (0.706) 1/3 
Solving, find 

C = 0.633 m = 0.555 (8,9) < 


Continued... 




PROBLEM 7.40 (Cont.) 


The plot below compares the experimental correlation (C = 0.633, m = 0.555) with those for laminar 
flow (C = 0.664, m = 0.5) and fully turbulent flow (C = 0.037, m = 0.8). The experimental correlation 

yields Nul values which are 25% higher than for the correlation. The most likely explanation for this 
unexpected trend is that the airstream reaching the plate is not parallel, but with a slight impingement 
effect and/or the flow is very highly turbulent at the leading edge. 




COMMENTS: (1) A more extensive analysis of the experimental observations would involve 
determining Nup for the full range of elapsed time (rather than at two selected times) and using a fitting 
routine to determine values for C and m. 




PROBLEM 7.41 

KNOWN: Cylinder diameter and surface temperature. Temperature and velocity of fluids in cross flow. 

FIND: (a) Rate of heat transfer per unit length for the fluids: atmospheric air and saturated water, and 
engine oil, for velocity V = 5 m/s, using the Churchill-Bernstein correlation, and (b) Compute and plot 
q as a function of the fluid velocity 0.5 < V < 10 m/s. 

SCHEMATIC: 

/^^iiTwatenA, 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform cylinder surface temperature. 

PROPERTIES: Table A.4 , Air (T f = 308 K, 1 atm): v = 16.69 x 10 ' 6 m 2 /s, k = 0.0269 W/m-K, Pr = 
0.706; Table A.6, Saturated Water (T f = 308 K): p = 994 kg/m 3 , p = 725 x 10 6 N s/m 2 , k = 0.625 
W/m-K, Pr = 4.85; Table A.5, Engine Oil (T f = 308 K): v = 340 x 10 6 m 2 /s, k = 0.145 W/m-K, Pr = 
4000. 


ANALYSIS: (a) For each fluid, calculate the Reynolds number and use the Churchill-Bernstein 
correlation, Eq. 7.57, 


— hD 

Nu D =-= 0.3 + 

k 


0.62 Re[j 2 Pr 1/3 
l + (0.4/Pr ) 2/3 


282,000 



Fluid: Atmospheric Air 


Ren — 


(5m/s)0.01j 


16.69x10 ^ m/s 


= 2996 


— 0.62(2996) 1/_ (0.706) 73 ( 2996 

Nu D = 0.3 +-^- >- ---1+ - 

T / / \2/3l 174 282,000 

1 + (0.4/0.706 y' 5 V V 


= 28.1 


- k— 0.0269W/m-K / ? 

h = —Nu D =---28.1 = 75.5 W/m -K 

D 0.01m 

q = h 7 rD (T s - ) = 75.5 w/m 2 • K n (0.01 m) (50 - 20)° C = 71.1 W/m 

Fluid: Saturated Water 

VD (5m/s)0.01m 

Re D = — =- \ ' 2 / -TT = 68,552 

v 725x10 °N-s/ m z /994kg/ m 3 


Nu D = a3+ 0-62(68,552) 172 (4.85) 173 r i + r^55 1 

1 + (0.4/4.85) 273 ] 174 l l 282 ’ 000 


= 347 


Continued... 



PROBLEM 7.41 (Cont.) 


h = 


— Nud 
D 


0.625W/m-K 

0.01m 


347 = 21,690W/m 2 • K 


q' = 20,43 8 W/m < 


Fluid: Engine Oil 


Re D = 


VD 

v 


(5m/s)0.01m 

340xl0“ 6 m 2 /s 


= 147 


Nud =0.3 + 


0.62(147) 1/2 (4000) 1/3 


1 +(0.4/4000) 


2/3 


1/4 


1 + 


147 


x5/8 


282,000 


4/5 


= 120 


- k— 0.145 W/m-K / 2 , , ^ 

h = — Nu D =---120 = 1740 w/nU-K q=1639W/m < 

D 0.01m 

(b) Using the IHT Correlations Tool, External Flow, Cylinder, along with the Properties Tool for each 
of the fluids, the heat rates, q , were calculated for the range 0.5 < V < 10 m/s. Note the q' scale 
multipliers for the air and oil fluids which permit easy comparison of the three curves. 



—©— Air - q'*100 

- Water - q' 

—a— Oil - q'*10 


COMMENTS: (1) Note the inapplicability of the Zhukauskas relation, Eq. 7.56, since Pr oi i > 500. 

(2) In the plot above, recognize that the heat rate for the water is more than 10 times that with oil and 300 
times that with air. How do changes in the velocity affect the heat rates for each of the fluids? 




PROBLEM 7.42 


KNOWN: Conditions associated with air in cross flow over a pipe. 

FIND: (a) Drag force per unit length of pipe, (b) Heat transfer per unit length of pipe. 


SCHEMATIC: 


V ^15 m/s 

T„*2S m C 

p = laim 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform cylinder surface temperature, (3) 
Negligible radiation effects. 

6 2 3 

PROPERTIES: Table A-4, Air (Tf = 335 K, 1 atm): v = 19.31 x 10 m /s, p = 1.048 kg/m , k = 
0.0288 W/m-K, Pr = 0.702. 

ANALYSIS: (a) From the definition of the drag coefficient with Af = DL, find 

r2 


Fp, =C D A f 


pw 


Ib=C D D 


pv 


With 


VD 15 m/s x (0.025 m) 4 

Re D =-=-W ^ = 1 -942 xlO 4 


' 19.31 x 10' 6 m 2 /s 

from Fig. 7.8, Cq « 1.1. Hence 

Fo =1.1(0.025 m) 1.048 kg/m 3 (15 m/s) 2 12 = 3.24 N/m. 

(b) Using Hilpert’s relation, with C = 0.193 and m = 0.618 from Table 7.2, 

h = —CRe™ Pr 1/3 = °' Q288 W/m - K x 0.193 f 1.942x 10 4 )°' 61 § (0.702) 


D 


0.025 m 


d/3 


h = 88 W/m z ■ K. 


Hence, the heat rate per unit length is 

q=h(7tD) (T s -T^) = 88 W/m 2 K(7tx0.025 m) (100-25)° C = 520 W/m. 

COMMENTS: Using the Zhukauskas correlation and evaluating properties at Too (v = 15.71 x 10 
nT/s, k = 0.0261 W/m-K, Pr = 0.707), but with Pr s = 0.695 at T s , 

15x0.025 ") (0.707)°‘ 37 (0.707/0.695) 174 = 102 W/m 2 ■ K. 


-6 


h = ^0.26 


0.025 


15.71x10' 


J 


This result agrees with that obtained from Hilpert’s relation to within the uncertainty normally 
associated with convection correlations. 



PROBLEM 7.43 

KNOWN: Initial temperature, power dissipation, diameter, and properties of heating element. Velocity 
and temperature of air in cross flow. 

FIND: (a) Steady-state temperature, (b) Time to come within 10°C of steady-state temperature. 

SCHEMATIC: 

Heating element 



T. = 300 K 
k = 240 W/m.K 
p = 2700 kg/m 3 

Cp = 900 J/kg*K ~T N V = 10 m/s 

D = 0.01 m Too= 300 K 

ASSUMPTIONS: (1) Uniform heater temperature, (2) Negligible radiation. 

PROPERTIES: Table A.4, air (assume T f - 450 K): v = 32.39 x 10 6 m 2 /s, k = 0.0373 W/m-K, Pr = 
0 . 686 . 

ANALYSIS: (a) Performing an energy balance for steady-state conditions, we obtain 
qconv =h(^D)(T-T 00 ) = P; lec =1000W/m 

With 

VD (I0m/s)0.01m 


Re D = 


- = 3,087 


v 32.39xl0~ 6 m 2 /s 

the Churchill and Bernstein correlation, Eq. 7.57, yields 


Nud =0.3 + - 


0.62Re^ /2 Pr 1/3 


l + (0.4/Pr) 


,2/3 


il / 4 


1 + 


' Re D ^ 5/8 
282,000 


4/5 


Nud =0.3 + 


0.62(3087 ) 1/2 (0.686) 1/3 


1 +(0.4/0.686) 


2/3 


1/4 


1 + 


3087 

282,000 


\5/8 


4/5 


:28.2 


r k — 0.0373W/m-K 2 

h = — Nud =- -- 28.2 = 105.2W/m z K 

D 0.010m 1 


Hence, the steady-state temperature is 
T = T oo +^^ = 300K + — 


1000 W/m 


= 603 K 


^ Dh ^(0.01m)l05.2W ; /m 2 K 

(b) With Bi = hr Q /k = 105.2 W/m 2 K(0.005 m)/240 W/m-K = 0.0022, a lumped capacitance analysis 
may be performed. The time response of the heater is given by Eq. 5.25, which, for T, = T m , reduces to 

T = + (b/a)[l-exp(-at)] 


Continued... 



PROBLEM 7.43 (Cont.) 


where a = 4h/Dpc p = (4x 105.2 W/m 2 -K)/(0.01m x 2700kg/m 3 x 900J/kg-K) - 0.0173 s' 1 and b/a = 
Pelec/^rDh = 1000W/m^|o.01mxl05.2w/m 2 k| = 302.6 K. Hence, 


[l-exp(-0.0173t)] 


(593-300)K 

---— = 0.968 

302.6 K 


t » 200s < 

COMMENTS: (1) For T = 603 K and a representative emissivity of £ = 0.8, net radiation exchange 

between the heater and surroundings at T sur = = 300 K would be q^ a( j = EO — T^ |r j = 0.8 

x 5.67 x 10 8 W/m 2 K 4 (% x 0.01 m)(603 4 - 300 4 )K 4 = 111 W/m. Hence, although small, radiation 
exchange is not negligible. The effects of radiation are considered in Problem 7.46. 


(2) The assumed value of T f is very close to the actual value, rendering the selected air properties 
accurate. 



PROBLEM 7.44 


KNOWN: Initial temperature, power dissipation, diameter, and properties of a heating element. 
Velocity and temperature of air in cross flow. Temperature of surroundings. 

FIND: (a) Steady-state temperature, (b) Time to come within 10°C of steady-state temperature, (c) 
Variation of power dissipation required to maintain a fixed heater temperature of 275°C over a range of 
velocities. 

SCHEMATIC: 


= 0.8 

T SU r= 300 K 

m/s 

ASSUMPTIONS: Uniform heater surface temperature. 

ANALYSIS: (a) Performing an energy balance for steady-state conditions, we obtain 
c lconv + 4 rad = ^clcc 

h {kD ) (T - ) + eo (ttD) (t 4 - T 4 r ) = P' lec 

h (tt x0.01m) (T - 300) K + 0.8 ( 5 .67 x 10~ 8 w/m 2 ■ k) (t 4 - 300 4 ) K 4 = 1000 W/m 

Using the IHT Energy Balance Model for an Isothermal Solid Cylinder with the Correlations Tool Pad 
for a Cylinder in Crossflow and the Properties Tool Pad for Air, we obtain 

T = 562.4 K < 

where h = 105.4 w/m 2 ■ K, h r = 15.9 w/m 2 ■ K , qc 0nv = 868.8 W/m , and q md =131.2 W/m. 

(b) With Bi = (h + h r )r 0 /k = (121.3 W/nr-K)0.005 m/240 W/m-K = 0.0025, the transient behavior 

may be analyzed using the lumped capacitance method. Using the IHT Lumped Capacitance Model to 
perform the numerical integration, the following temperature histories were obtained. 

600 

_ 550 

H 500 

0 

| 450 

0 

E 400 

0 
I- 

350 
300 

0 50 100 150 200 250 300 

Time, t(s) 





-Without radiation 

—* With radiation, eps = 0.8 
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PROBLEM 7.44 (Cont.) 


The agreement between predictions with and without radiation for t < 50s implies negligible radiation. 
However, as the heater temperature increases with time, radiation becomes significant, yielding a reduced 
heater temperature. Steady-state temperatures correspond to 562.4 K and 602.8 K, with and without 
radiation, respectively. The time required for the heater to reach 552.4 K (with radiation) is t ~ 155s. 

(c) If the heater temperature is to be maintained at a fixed value in the face of velocity excursions, 
provision must be made for adjusting the heater power. Using the Explore and Graph options of IHT 
with the model of part (a), the following results were obtained. 



For T = 275°C = 548 K, the controller would compensate for velocity reductions from 10 to 5 m/s by 
reducing the power from approximately 935 to 690 W/m. 


COMMENTS: Although convection heat transfer substantially exceeds radiation heat transfer, radiation 
is not negligible and should be included in the analysis. If it is neglected, T = 603 K would be predicted 
for Pgt ec = 1000 W/m, in contrast 562 K from the results of part (a). 




PROBLEM 7.45 

KNOWN: Pin fin of 10 mm diameter dissipates 30 W by forced convection in cross-flow of air with 


ReD = 4000. 

FIND: Fin heat rate if diameter is doubled while all conditions remain the same. 

SCHEMATIC: 




f^conv - ^ O \N 


V 


] 


Cl ? (1 fl Infinitely Iona pin fin , 


ASSUMPTIONS: (1) Pin behaves as infinitely long fin, (2) Conditions of flow, as well as base and 
air temperatures, remain the same for both situations, (3) Negligible radiation heat transfer. 

ANALYSIS: For an infinitely long pin fin, the fin heat rate is 

1 / 2 , 


Of — Oconv — (hPkA c j 9 b 


where P = 7tD and A c = TtD /4. Hence, 


Oconv ~ |h - D -D j 


d/2 


For forced convection cross-flow over a cylinder, an appropriate correlation for estimating the 
dependence of h on the diameter is 


Nu ^ = — = CRe™ Pr 1/3 = C 


'D 


'D 


VD 


xm 


V v J 


Pr 


1/3 


From Table 7.2 for Rep> = 4000, find m = 0.466 and 
h~D -1 (D)°‘ 466 = D -0 ' 534 . 


It follows that 


1.23 


qconv ~ (d ”*’- 534 D D 2 )' /2 = d 

Hence, with t|| —> D | (10 mm) and tp —> D2 (20 mm), find 


02 =01 


D2 

Di 


Y 


.23 


= 30 W 


20 


xl .23 


— = 70.4 W. 

10 


COMMENTS: The effect of doubling the diameter, with all other conditions remaining the same, is 
to increase the fin heat rate by a factor of 2.35. The effect is nearly linear, with enhancements due to 

the increase in surface and cross-sectional areas (D ’ ) exceeding the attenuation due to a decrease in 

0 26V 

the heat transfer coefficient (D ’ ). Note that, with increasing Reynolds number, the exponent m 

increases and there is greater heat transfer enhancement due to increasing the diameter. 



PROBLEM 7.46 


KNOWN: Pin fin installed on a surface with prescribed heat rate and temperature. 


FIND: (a) Maximum heat removal rate possible, (b) Length of the fin, (c) Effectiveness, £f, (d) 
Percentage increase in heat rate from surface due to fin. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Conditions over A s are uniform for both situations, 
(3) Conditions over fin length are uniform, (4) Flow over pin fin approximates cross-flow. 

PROPERTIES: Table A-4, Air (T f = (L + T s )/2 = (27 + 127)°C/2 = 350 K): v = 20.92 x 10" 6 
m 2 /s, k = 30.0 x 10" 3 W/m-K, Pr = 0.700. Table A-l, SS AISI304 (T = T f = 350 K): k = 15.8 
W/m-K. 


ANALYSIS: (a) Maximum heat rate from fin occurs when fin is infinitely long, 
q f =M =(hPkA c ) 0 b 

from Eq. 3.80. Estimate convection heat transfer coefficient for cross-flow over cylinder, 

VD ^ o 

Re D =- =5 m/s xO.005 m/20.92 xl0' b m 2 /s =1195. 

v 

Using the Hilpert correlation, Eq. 7.55, with Table 7.2,find 

h = ^CRe™Pr = (0.030W/m- K/0.005m) 0.683(1195) 0 ' 466 (0.700) 173 = 98.9W/m 2 ■ K 


( 1 ) 


From Eq. (1), with P = 7tD, A c = 7iD /4, and 0 b = T s - Too, find 


q f = 98.9 W/m -Kx7t (0.005 m)xl5.8 W/m-Kxi (0.005 m) /4 (l27-27)K = 2.20 W. < 


1/2 


1/2 

(b) From Example 3.8, L = Loo = 2.65(kA c /hP) . Hence, 

\2 , a /no n \\t 2 


L - L™ = 2.65 


15.8 W/m-Kxft (0.005 m) z /4/98.9 W/m z -Kxft (0.005 m) 


1/2 


= 37.4 mm. < 


(c) From Eq. 3.81, with h s used for the base area A s , the effectiveness is 


Of 

£ f =-^ 


_ qf 


A s _ 2.2 W (0.020X 0.020) m" 


hs^c,bQb fiwo ^\;,b 0.5 W ^ (0.005 m)" - /4 

where h s =q wo /A s 0 b . 

(d) The percentage increase in heat rate with the installed fin (w) is 


= 89.6 


fiw fiwo 
fiwo 


xlOO = 


q f +lk (A s -7tD 2 /4)(T s -T^) 


'Owo 


xlOO/q. 


iwo 


Aq/q = 


2.2 W+ 12.5 W/trr K ([0.02 m]^ -(n /4)(0.005 m) z J100 K-0.5 W|xl00/0.5 W 
Aq/q =435%. < 




PROBLEM 7.47 

KNOWN: Dimensions of chip and pin fin. Chip temperature. Free stream velocity and temperature of 
air coolant. 


FIND: (a) Average pin convection coefficient, (b) Pin heat transfer rate, (c) Total heat rate, (d) Effect of 
velocity and pin diameter on total heat rate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in pin, (3) Constant 
properties, (4) Convection coefficients on pin surface (tip and side) and chip surface correspond to single 
cylinder in cross flow, (5) Negligible radiation. 

PROPERTIES: Table A.l, Copper (350 K): k = 399 W/m-K; Table A.4, Air (T f -325 K, 1 atm): v = 
18.41 x 10 6 m 2 /s, k = 0.0282 W/m-K, Pr = 0.704. 


ANALYSIS: (a) With V = 10 m/s and D = 0.002 m. 


Re D = 


VD 

v 


10 m/s x 0.002 m 
18.41xl0~ 6 m 2 /s 


Using the Churchill and Bernstein correlations, Eq. (7.57), 


Nuq = 0.3 + - 


ft / 1D 1/2 r, 1/3 
0.62 Rep Pr 


-il/4 


1 + 


f Re D ^ 5/8 

v 282,000 j 


4/5 


= 16.7 


l + (0.4/Pr) 2/3 

h = (NupE/d) = (16.7x0.0282 W/m• K/0.002m) = 235 w/m 2 • K 


(b) For the fin with tip convection and 


M = (h7rDk7rD 2 /4) 6 h = (n/2) 235w/m 2 -K(0.002m) 3 399W/m-K 


1/2 


50K = 2.15 W 


1/2 

m = (hP/kA c ) 1/2 = (4x 235 W/m 2 -k/ 399 W/m-K x0.002m) “ = 34.3 
mL = 34.3m -1 (0.012 m) = 0.412 


-1 


m 


(h/mk)-( 


235W/m 2 • K/34.3m ! x399W/m-K 


H- 


0172. 


The fin heat rate is 


sinh mL + ( h ink )cosh mL 

q f = M-\=-—-= 0.868 W. 

cosh mL + ( h/mk J sinh mL 


Continued... 




PROBLEM 7.47 (Cont.) 


(c) The total heat rate is that from the base and through the fin, 

q = q b +q f = h(w 2 -7rD 2 /4)0 b + q f = (0.151 + 0.868) W = 1.019 W . < 

(d) Using the IHT Extended Surface Model for a Pin Fin with the Correlations Tool Pad for a Cylinder in 
crossflow and Properties Tool Pad for Air, the following results were generated. 



- D = 2 mm 



V = 10 m/s 

V = 40 m/s 


Clearly, there is significant benefit associated with increasing V which increases the convection 
coefficient and the total heat rate. Although the convection coefficient decreases with increasing D, the 
increase in the total heat transfer surface area is sufficient to yield an increase in q with increasing D. 
The maximum heat rate is q = 2.77 W for V = 40 m/s and D = 4 mm. 

COMMENTS: Radiation effects should be negligible, although tip and base convection coefficients 
will differ from those calculated in parts (a) and (d). 




PROBLEM 7.48 


KNOWN: Diameter, resistivity, thermal conductivity and emissivity of Nichrome wire. Electrical 
current. Temperature of air flow and surroundings. Velocity of air flow. 

FIND: (a) Surface and centerline temperatures of the wire, (b) Effect of flow velocity and electric 
current on temperatures. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Radiation exchange with large surroundings, (3) Constant 
Nichrome properties, (4) Uniform surface temperature. 

PROPERTI E S: Prescribed, Nichrome: k = 25W/m-K, p e =10 6 Dm, £ = 0.2. Table A-4, air 
(T f = 800K : k a = 0.057W/m-K, v = 8.5xl0 _5 m 2 /s, Pr = 0.7lj. 


ANALYSIS: (a) The surface temperature may be obtained from Eq. 3.55, with h = h c + h r and 
q = I 2 R e /V = I 2 p e /A 2 =I 2 p e /^D 2 /4j = 1.013xl0 9 W/m 3 . 


- Too + 


q(D/p 

2(h c + h r ) 


(1) 


The convection coefficient is obtained from the Churchill and Bernstein correlation 

r4/5 


- k a 
h c = — 
L D 


0.3 + - 


0.62Rel{ 2 Pr 1/3 


D 


l + (0.4/Pr) 


2/3 


1/4 


1 + 


' Re D ^ 5/8 
282,000 


= 230W/m z ■ K 


where Re D = VD / v = 58.8, and the radiation coefficient is obtained from Eq. 1.9 

h r = £0 (T s + T sur ) ^T s + T sur j 

From an iterative solution of Eqs. (1) and (2), we obtain 


: 1285K = 1012°C 


From Eq. 3.53, the centerline temperature is 

a2 


q(D/2)“ 1.013X10 9 W/m 3 (0.0005m)" 


4k 


- + T 


100W/mK 


+ 1012°C ~ 1014°C 


( 2 ) 

< 

< 


The centerline temperature is only approximately 2°C larger than the surface temperature, and the 
wire may be assumed to be isothermal. 

Continued. 





PROBLEM 7.48 (Cont.) 


— • 2 

(b) Over the range 1 < V < 100 m/s for I = 25A, h c varies from approximately 114 W / m“ ■ K to 

2 2 2 

1050 W/m K, while h r varies from approximately 69W/m K to 4W/m K. The effect on the 

surface temperature is shown below. 



Maximum and minimum values of T s = 1433°C and T s = 290°C are associated with the smallest and 
largest velocities respectively, while the difference between the centerline and surface temperatures 
remains at (T 0 - T s ) « 2°C. 

For V = 5 m/s, the effect on T s of varying the current over the range from 1 to 30A is shown below. 



Electric current (A) 


From a value of T s ~ 52°C at 1A, T s increases to 1320°C at 30A. Over this range the temperature 
difference (T 0 -T s ) increases from approximately 0.01°C to 3°C. 

COMMENTS: (1) The radiation coefficient for the conditions of Part (a) is h r = 32 W /m 2 • K, 

which is approximately 1/8 of the total coefficient h. Hence, except for small values of V less than 
approximately 5 m/s, radiation is negligible compared with convection. (2) The small wire diameter 
and large thermal conductivity are responsible for maintaining nearly isothermal conditions within the 
wire. (3) The calculations of Part (b) were performed using the IHT solver with the function 
Tf =T fluld _ avg (T s ,T inf ) used to account for the effect of temperature on the air properties. 




PROBLEM 7.49 


KNOWN: Temperature and heat dissipation in a wire of diameter D. 

FIND: (a) Expression for flow velocity over wire, (b) Velocity of airstream for prescribed conditions. 


SCHEMATIC: 



V, p -1 a+777 - > 

T„-ZS°C 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform wire temperature, (3) Negligible radiation. 

PROPERTIES: Table A-4, Air (Too = 298 K, 1 atm): v = 15.8 x 10" 6 inVs, k = 0.0262 W/m-K, Pr = 
0.71; (T s = 313 K, 1 atm): Pr = 0.705. 

ANALYSIS: (a) The rate of heat transfer per unit cylinder length is 
q' = (q/L)=h(7lD) (T s -T*,) 


where, from the Zhukauskas relation, with Pr ~ Pr s , 


h = ^ 
D 


C Re™ Pr n 


k c rvD 


D 




v 


Pr n 


J 


Hence, 


/ 

q 

1 /m 

f V 1 

_(k/D)CPr n (7tD) (T s -T 00 )_ 


V D J 


3 5 

(b) Assuming (10 < Rep> < 2 x 10 ), C = 0.26, m = 0.6 from Table 7.3. Hence, 


< 


35 W/m 

1 /0.6 

( r ) \ 
15.8x10 °trr /s 

0.0262 W/m Kx0.26(0.7l)°- 37 7t (40-25)° C 


5xl0 4 m 

7 


V = 97 m/s. 


< 


To verify the assumption of the Reynolds number range, calculate 


Re D = 


YD 

v 


97 m/s (5xl0' 4 m) 

- V - - = 3074. 

15.8xlO'V 2 /s 


Hence the assumption was correct. 

COMMENTS: The major uncertainty associated with using this method to determine V is that 
associated with use of the correlation for Nu D . 



PROBLEM 7.50 


KNOWN: Platinum wire maintained at a constant temperature in an airstream to be used for 
determining air velocity changes. 

FIND: (a) Relationship between fractional changes in current to maintain constant wire temperature 
and fractional changes in air velocity and (b) Current required when air velocity is 10 m/s. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Cross-flow of air on wire with 40 < Rep> < 1000, 
(3) Radiation effects negligible, (4) Wire is isothermal. 

PROPERTIES: Platinum wire (given): Electrical resistivity, p e = 17.1 x 10 ^ Ohm-m; Table A-4, 
Air (Too = 27°C = 300 K, 1 atm): v = 15.89 x 10" 6 in Is, k = 0.0263 W/mK, Pr = 0.707; (T s = 77°C = 
350 K, 1 atm): Pr s = 0.700. 

ANALYSIS: (a) From an energy balance on a unit length of the platinum wire, 

flelec — flconv = I Re — hP(T s ~Too) = 0 (1) 

, 2 

where the electrical resistance per unit length is R e = / Ag, P = 7tD, and A c = 7iD /4. Hence, 


hPA ( 

Pe 


-il/2 


(Ts-Too) 


7t 2 hP 3 

4p e 


(Ts-Too) 


1/2 


( 2 ) 


For the range 40 < Rep> < 1000, using the Zhukauskas correlation for cross-flow over a cylinder with C 
= 0.51 and m = 0.5, 


— hD 


Nu^ = — =0.51 ReJ^ Pr 


0.5 D 0.37 


'D 


( 3^/4 

±L 

jh, 


= 0.51 


^ VD 3 


0-5 


V V 7 


Pr 


0.37 


/ d/4 

±L 

v Pfs J 


note that h~V^~\ which, when substituted into Eq. (2) yields 


I~h 


1/2 


(V 0 - 5 ) 172 


= V 


1/4 


(3) 


Differentiating the proportionality and dividing the result by the proportionality, it follows that 

(4) < 

I 4 V 

(b) For air at Too = 27°C and V = 10 m/s, the current required to maintain the wire of D = 0.5 mm at 
T s = 77°C follows from Eq. (2) with h evaluated by Eq. (3) 


Continued 




PROBLEM 7.50 (Cont.) 

r 0.0263 W/m■ K ftc /l0m/sx0.0005 m f'' 5 nrvi ,0 37 f 0.707 ) ] 14 

h =-x0.51 -7—=— 0.707 - 

0.0005 m ^15.89xl0' 6 m 2 /sj [0.700 J 

h = 420 W/m 2 ■ K 

where Rep = 315. Hence the required current is 

7t 2 x420 W/m 2 K(0.0005 
4xl7.1xlO _5 fLm 

COMMENTS: (1) To measure 1% fractional velocity change, a 0.25% fractional change in current 
must be measured according to Eq. (4). From Eq. (5), this implies that AI = 0.00251 = 0.0025 x 195 
mA = 488 pA. An electronic circuit with such measurement sensitivity requires care in its design. 

(2) Instruments built on this principle to measure air velocities are called hot-wire anemometers. 
Generally, the wire diameters are much smaller (3 to 30 pm vs 500 pm of this problem) in order to 
have faster response times. 

(3) What effect would the presence of radiation exchange between the wire and its surroundings have? 





PROBLEM 7.51 

KNOWN: Temperature sensor of 12.5 mm diameter experiences cross-flow of water at 80°C and 
velocity, 0.005 < V < 0.20 m/s. Sensor temperature may vary over the range 20 < T s < 80°C. 


FIND: Expression for convection heat transfer coefficient as a function of T s and V. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Sensor-water flow approximates a cylinder in 
cross-flow, (3) Prandtl number varies linearly with temperature over the range of interest. 


PROPERTIES: Table A-6, Sat. water (Too = 80°C = 353 K): k = 0.670 W/rnK, v = pvf = 352 x 

6 2 3 3 V 2 

10 1 N-s/m x 1.029 x 10 m /kg = 3.621 x 10 m"7s; Pr s values for 20 < T s < 80°C: 

T (K) 293 300 325 350 353 

Pr 7.00 5.83 3.42 2.29 2.20 


ANALYSIS: Using the Zhukauskus correlation for the range 40 < Rep> < 4000 with C = 0.51 and m = 
0.5, 


Nu 


hD 


0.5 n 0.37 


D 


0.51Rep Pr 


Pr 

PR 


>1/4 


with Re [) = VD/v, the thermophysical properties of interest are k, v and Pr, which are evaluated at T c 
= 80°C, and Pr s which varies markedly with T s for the range 20 < T s < 80°C. Assuming Pr s to vary 
linearly with T s and using the extreme values to find the relation, 

(2.20-7.00) 


Pr s =7.00 + 


(353-293) K 


(T s -293)K =7.00-0.0800(T s -293) 


where the units of T s are [K]. Substituting numerical values, find 


, 0.670 W/m-K 

h (TJ =-0.51 

0.0125 m 

,0.5 


r V xO.0125 m A °' 5 
^ 3.621x10 7 m 2 /s J 


h(T s )= 6810V U '^ [3.182-0.0364(T S - 293)] 


(2.20) 0 - 37 

-1/4 


2.20 


\l/4 


7.00- 0.080 (T s - 293) 


COMMENTS: (1) From the Pr s vs T s graph above, a linear fit is seen to be poor for this 

temperature range. However, because the Pr s dependence is to the l A power, the discrepancy may be 
acceptable. 



PROBLEM 7.52 

KNOWN: Diameter, electrical resistance and current for a high tension line. Velocity and temperature 
of ambient air. 


FIND: (a) Surface and (b) Centerline temperatures of the wire, (c) Effect of air velocity on surface 
temperature. 


SCHEMATIC: 



q = q'l{nD 2 )/4 
R' e = 10' 4 Q/m 


ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) One-dimensional radial 
conduction. 


PROPERTIES: Table A.4 , Air (T f - 300 K, 1 atm): v = 15.89 x 10 6 m 2 /s, k = 0.0263 W/m-K, Pr = 
0.707; Table A.l, Copper (T - 300 K): k = 400 W/m-K. 


ANALYSIS: (a) Applying conservation of energy to a control volume of unit length. 
Eg =I 2 Rg = q / = h;rD(T s -T^) 


With 



10m/s(0.025m) 
15.89xl0~ 6 m 2 /s 


15,733 


the Churchill and Bernstein correlation, yields 


Nud =0.3 + - 


0.62 Re* 7 2 Pr 17 3 


D 


l + (0.4/Pr) 


2/3 


1/4 


1 + 


Re P 
282,000 


\5/8 


n 4/5 


69.0 


Hence, 


and 


r 77“ k 0.0263W/m-K 2 

h = Nud — = 69.0--= 72.6 W/ m z ■ K 

D 0.025 m ' 


t 2 r ' 

T s = + ——— = 10°C + 


h^D 


(1000A) 2 10“ 4 a/m 

|72.6 w/m 2 ■ k|^: (0.025m) 


= 10°C + 17.6°C = 27.6° C < 


(b) With q = E' g j ^D 2 /4) = 4(1000 A) 2 (l0“ 4 H/m) j jc (0.025 m) 2 = 2.04xl0 5 w/m 3 , Equation 
3.53 yields 


■ 2 

T(0) = — + T S = 
4k 


2.041X10 5 W/m 3 (0.0125m)- 
1600 W/m-K 


+ 27.6 C = 0.02 C + 27.6 C - 27.6 C 


Continued... 



PROBLEM 7.52 (Cont.) 


(c) The effect of V on the surface temperature was determined using the Correlations and Properties 
Tool Pads of IHT. 



The effect is significant, with a surface temperature of T s ~ 70°C corresponding to V = 1 m/s. For 
velocities of 1 and 10 m/s, respectively, convection coefficients are 21.1 and 72.8 W/nr-K and film 
temperatures are 313.2 and 291.7 K. 

COMMENTS: The small values of q and r G and the large value of k render the wire approximately 
isothermal. 



PROBLEM 7.53 


KNOWN: Aluminum transmission line with a diameter of 20 mm having an electrical resistance of 
/ -4 

R = 2.636x10 ohm/m carrying a current of 700 A subjected to severe cross winds. To reduce 
potential fire hazard when adjacent lines make contact and spark, insulation is to be applied. 

FIND: (a) The bare conductor temperature when the air temperature is 20°C and the line is subjected 
to cross flow with a velocity of 10 m/s; (b) The conductor temperature for the same conditions, but 
with an insulation covering of 2 mm thickness and thermal conductivity of 0.15 W/m-K; and (c) Plot 
the conductor temperatures of the bare and insulated conductors for wind velocities in the range of 2 to 
20 m/s. Comment on the features of the curves and the effect that wind velocity has on the conductor 
operating temperatures. 

SCHEMATIC: 


-> - 


I = 700 A 


JL 


1 c,bare 


Cl 





Conductor (bare) 

D = 20 mm 

R e = 2.636x10' 4 fi/m 


^ = 20°C 
V = 10 m/s 


Cross-sectional 
view with insulation 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform surface temperatures, (3) Negligible solar 
irradiation and radiation exchange, and (4) Constant properties. 


PROPERTIES: Table A-4 , Air (Tf = (T s + Too)/2, 1 atm): evaluated using the IHT Properties library 
with a Correlation function; see Comment 2. 

ANALYSIS: (a) For the bare conductor the energy balance per unit length is 
Ein — ^out + Egen = 0 


o-qcv+q A c=° (!) 

2 

where the crossectional area of the conductor is A c = 7tD /4 and the generation rate is 

q = I 2 R;/A c =(700A) 2 x2.636xl0“ 4 C2/m/(;r (0.020m) 2 /4 (2) 


q = 4.111xl0 5 W/m 3 

The convection rate equation can be expressed as 

q C v =( T c,bare- T oo)/Rt R( = l/(hjy x^D j (3,4) 

and the convection coefficient is estimated using the Churchill-Bernstein correlation, Eq. 7.57, with 
Re D = VD/v, 


Nil, = — 


■ 0.3 T ■ 


0.62 ReJ^Pr 173 


l + (0.4/Pr) 


2/3 


-il/4 


1 + 


' Re D ^ 5/8 

v 282,000 j 


4/5 


(4) 


(b) For the conductor with insulation thickness t = 2 mm, the energy balance per unit length is 


Ein ^out + Egen — ® 

0-(T c ,ins-Too)/R , t+I 2 R;/A c =0 


Continued 


(5) 





PROBLEM 7.53 (Cont.) 


where R t is the sum of the insulation conduction and convection process thermal resistances, 

R' t =^n[(D + 2t)/D]/(2^k) + l/[h D+2t ^(0 + 2t)] 

( 6 ) 

The results of the analysis using IHT are tabulated below. 


Condition 

V 

(m/s) 

d 

(mm) 

Re d 

Nu, 

d 

h d 

(W/m 2 -K) 

R't 

(m-K/W) 

To 

(°C) 

bare 

10 

20 

1.214 X 10 4 

59.6 

79.6 

0.1998 

45.8 

insulated 

10 

24 

1.468 x 10 4 

66.3 

73.6 

0.3736 

68.3 


(c) Using the IHT code with the foregoing relations, the conductor temperatures T c base and T c j ns for 
the bare and insulated conditions are calculated and plotted for the wind velocity range of 2 to 20 m/s. 



0 10 20 


Wind velocity, V (m/s) 

- Bare conductor 

—With insulation, 2 mm thickness 


COMMENTS: (1) The effect of the 2-mm thickness insulation is to increase the conductor operating 

temperature by (68.3 - 46.1)°C = 22°C. While we didn’t account for an increase in the electrical 

2 

resistivity with increasing temperature, the adverse effect is to increase the I R loss, which represents 
a loss of revenue to the power provider. From the graph, note that the conductor temperature increases 
markedly with decreasing wind velocity, and the effect of insulation is still around +20°C. 

(2) Because of the tediousness of hand calculations required in using the convection correlation 
without fore-knowledge of Tf at which to evaluate properties, we used the IHT Correlation function 
treating Tf as one of the unknowns in the system of equations. Salient portions of the IHT code and 
property values are provided below. 


Continued 




PROBLEM 7.53 (Cont.) 


// Forced convection, cross flow, cylinder 

NuDbar = NuD_bar_EF_CY(ReD,Pr) // Eq 7.57 

NuDbar = hDbar * Do / k 

ReD = V * Do / nu // Outer diameter; bare or with insulation 

// Evaluate properties at the film temperature, Tf. 

Tf = Tfluid_avg (Tinf,Ts) // Ts is the outer surface temperature 

/* Correlation description: External cross flow (EF) over cylinder (CY), average coefficient, 
ReD*Pr>0.2, Churchill-Bernstein correlation, Eq 7.57. See Table 7.9. 7 

// Air property functions : From Table A.4 
// Units: T(K); 1 atm pressure 

nu = nu_T("Air",Tf) // Kinematic viscosity, m A 2/s 

k = k_T("Air",Tf) // Thermal conductivity, W/m-K 

Pr = Pr_T("Air",Tf) // Prandtl number 


(3) Is the temperature gradient within the conductor significant? 



PROBLEM 7.54 

KNOWN: Diameter and length of a copper rod, with fixed end temperatures, inserted in an airstream 
of prescribed velocity and temperature. 

FIND: (a) Midplane temperature of rod, (b) Rate of heat transfer from the rod. 


SCHEMATIC: 


T b = 90’C 




-.SOmmM \ Copper 




r* i 


Air) f'f 

V=25m/s, T„=ZS°C 


h 


T b = 90°C 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in rod, (3) Negligible 
contact resistance, (4) Negligible radiation, (5) Constant properties. 

PROPERTIES: Table A-l, Copper (T » 80°C = 353 K): k = 398 W/mK; Table A-4, Air (Too = 
25°C » 300K, 1 atm): v = 15.8 x 10" 6 m 2 /s, k = 0.0263 W/mK, Pr = 0.707; Table A-4 , Air (T s » 
80°C - 350K, 1 atm): Pr s = 0.700. 


0 coshm (L - x ) T - T k 


ANALYSIS: (a) For case B of Table 3.4, — = 

0)3 cosh(mL) 


T b - fx 


where 


m = (hP/kA c ) 112 = (4h/kD / 12 . Using the Zhukauskas correlation with n = 0.37, 


Nu d = CReg Pr n (Pr/Pi ^) 1/4 

VD 25 m/s (0.01 m) 

Re D =-=- , ’ =15,823 

V 15.8x10"° m^ /s 


and C = 0.26, m = 0.6 from Table 7-4. Hence 

N^ d - 0.26(15,823) 0 ' 6 (0.707) 0 ' 37 (0.707/0.700) 174 = 75.8 


D 

h = — Nu „ = 
D D 

( 


0.0263 W/m K 


m = 


0.01m 

2 ^ /2 


(75.8) = 199 W/m 2 K 


Hence, 


4x199 W/nU K 

398 W/m- KxO.Ol m 

V J 

t(l)-t oc 


= 14.2 m . 
cosh(0) 


T b _T « 


cosh 114.2 m" 1 x0.05 m 


1.26 


■ = 0.79 


T(L) =25°C + 0.79(90-25) =76.6°C. 
(b) From Eq. 3.76, q = 2qf = 2M tanh mL, 


M=(hPkA c ) 1/2 0 b = 


W 


199—--(tt xO.Ol m) 


m 2 • K 


398- 


w A 


,71 


nl/2 


m • K 


^(0-01 m)- 


65 °C 


M = 28.7 W q = 2(28.7 W) tanh |l4.2 m" 1 x0.05 m) = 35 W. 
COMMENTS: Note adiabatic condition associated with symmetry about midplane. 



PROBLEM 7.55 


KNOWN: Diameter, thickness and thermal conductivity of steel pipe. Temperature of water flow in 
pipe. Temperature and velocity of air in cross flow over pipe. Cost of producing hot water. 

FIND: (a) Cost of daily heat loss from an uninsulated pipe, (b) Savings associated with insulating the 
pipe. 

SCHEMATIC: 



Insulation 
D 0 = 120 mm 
k| = 0.026 W/m-K 

Steel pipe 
Dj = 84 mm 
D 0 = 100 mm 
k p = 60 W/m-K 


I 00 

•-^VVNA^-AVNA-^-AAA/^* —► 

R’ R' R’ 9 

r 'cnd,p rx cnd,i r 'cnv 


ASSUMPTIONS: (1) Steady-state, (2) Negligible convection resistance for water flow, (3) 
Negligible contact resistance between insulation and pipe, (4) Negligible radiation. 

PROPERTIES: Table A-4 , air (p = 1 atm, T f = 300K): k a = 0.0263 W/m-K. 

v = 15.89 xl0 _6 m 2 /s, Pr = 0.707. 

ANALYSIS: (a) With Re D = VD 0 /v = 3m/sx0.1m/15.89x10 6 m 2 /s = 18,880, application of the 
Churchill-Bemstein correlation yields 


Nu D =0.3 + 


0.62(18,800) 1/2 (0.707 ) 1/3 


h = ^-NU 


D 


1 +(0.4/0.707) 

0.0263 W/m-K 
OTm 


2/3 


-|l/4 


1 + 


18,880 

282,000 


x5/8 


-|4/5 


= 76.6 


76.6 = 20.1W/m z ■ K 


Without the insulation, the total thermal resistance and heat loss per length of pipe are then 


ln(D 0 /D i ) i 1 In (100/84) 

^tot(wo) = 1 — ~ 


1 


(<• 


2^ kp ^D 0 h 2;rx60W/m-K ^ (o.lm)20.1 W / m“ • K 


-4 


= 4.63x10 +0.158 


1 m- 


K/W = 0.159m- K/W 


0wo 


I I . 


r; 


tot (wo) 


--= 346 W/m = 0.346kW/m 

0.159m ■ K/W 


The corresponding daily energy loss is 

Qwo = 0.346 kW / mx 24h / d = 8.3 kW ■ h / m ■ d 
and the associated cost is 


C' wo =(8.3kWh/m-d)($0.05/kW-h) = $0.415/m-d 


< 


(b) The conduction resistance of the insulation is 


Continued 




PROBLEM 7.55 (Cont.) 


ln( Do /D,) = In (120/ 1 Q0) n6m ^ K/w 

cna 2k kj 2k (0.026 W/ m - K) 

Using the Churchill-Bernstein correlation with an outside diameter of D 0 = 0.12m, Re D = 22,660, 

- — 2 

Nu d = 83.9 and h = 18.4 W /m • K. The convection resistance is then 


r; 


1 


1 


cnv 


^ D o h K (0.12m)l8.4W/irU ■ K 
and the total resistance is 


:0.144mK/W 


R tot(w) = ( 4 - 63xl0 ” 4+L116 + 0 - 144 ) mK/W = L261mK/W 


'tot(w) 

The heat loss and cost are then 

T-T 


55°C 


= 43.6 W/m = 0.0436kW/m 


q " R'tot(w) 1.261mK/W 

C' w = 0.0436 kW / mx 24h / dx $0.05 / kW ■ h = $0,052 / m ■ d 

The daily savings is then 


S' = C' wo - C' w = $0,363 / m ■ d < 

COMMENTS: (1) The savings are significant, and the pipe should be insulated. (2) Assuming a 
negligible temperature drop across the pipe wall, a pipe emissivity of e p = 0.6 and surroundings at 
T sur = 268K, the radiation coefficient associated with the uninsulated pipe is h r = eo (T + T sur ) 

(t 2 +T s 2 U r) = 0 .6x5.6 7xl0 “ 8w/ m 2 - k 4 (59 1k ) ^323 2 +268 2 )k 2 =3.5W/m 2 -K. Accordingly, 

radiation increases the heat loss estimate of Part (a) by approximately 17%. 



PROBLEM 7.56 

KNOWN: Diameter and surface temperature of an uninsulated steam pipe. Velocity and temperature of 
air in cross flow. 

FIND: (a) Heat loss per unit length, (b) Effect of insulation thickness on heat loss. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform surface temperature, (3) Negligible 
radiation. 

PROPERTIES: Table A.4 , Air (T f » 350 K, 1 atm): v = 20.9 x 10 s m 2 /s, k = 0.030 W/m-K, Pr = 0.70. 
ANALYSIS: (a) Without the insulation, the heat loss per unit length is 

q'=h;rD(T Sji -T^) 


where h may be obtained from the Churchill-Bernstein relation. With 
— = 5m /sxO-5m , 1%xl0 5 
V 20.9xl0 _ ° m 2 /s 



Nud =0.3 + - 


0.62 Re} 7 2 Pr 173 T f Re D A 578 

\2/3l 1/4 + 282,000 
l + (0.4/Prf /J L V J 


r — k 0.030W/m K 1Ae „ T / 2 „ 

h = Nud — = 242---= 14.5W/m K 

D 0.5m 1 


= 242 


The heat rate is then 

q' = 14.5 w/ m 2 ■ (0.5m)(l50- (-10))° C = 3644 W/m. < 

(b) With the insulation, the heat loss may be expressed as 
q = UjTrD — Tqo ) 

where, from Eq. 3.31, 

"(D/2) 1 T 1 

U; = -—-—^ln r + ^ 

L k i a 

and r = (D/2 + 8 )/(D/2). The outer diameter, D 0 = D + 25, as well as the film temperature, T f = (T s 0 
+ TJ/2, must now be used to evaluate the convection coefficient, where 


Continued... 



PROBLEM 7.56 (Cont.) 


T s,i T s,o _ Rcond _ ( ln r )/ k i _ 

T s ,i-Too R'tot (lnr)/k i+ l/(D/2)rh 

Using the IHT Correlations and Properties Tool Pads to evaluate h , the following results were obtained. 




The insulation is extremely effective, with a thickness of only 10 mm yielding a 7-fold reduction in heat 
loss and decreasing the outer surface temperature from 150 to 10°C. For 8 = 50 mm, Uj = 0.56 W/m 2 K, 
q' = 140 W/m and T s , 0 = -5.2°C. 

COMMENTS: The dominant contribution to the total thermal resistance is made by the insulation. 





PROBLEM 7.57 


KNOWN: Person, approximated as a cylinder, is subjected to prescribed convection conditions. 
FIND: Heat rate from body for prescribed temperatures. 


SCHEMATIC: 


4> 



ASSUMPTIONS: (1) Steady-state conditions, (2) Person can be approximated by cylindrical form 
having uniform surface temperature, (3) Negligible heat loss from cylinder top and bottom surfaces, (4) 
Negligible radiation effects. 

6 2 3 

PROPERTIES: Table A-4, Air (Too = 268 K, 1 atm): v = 13.04 x 10 m /s, k = 23.74 x 10 
W/m-K, Pr = 0.725; (T s = 297 K, 1 atm): Pr = 0.707. 

ANALYSIS: The heat transfer rate from the cylinder, approximating the person, is given as 
q = hA s (T^-T 00 ) 


where A s =71 D( and h must be estimated from a correlation appropriate to cross-flow over a 
cylinder. Use the Zhukauskas relation, 

hD „ „ m „ n \l/4 


Nu 


D __=CRegPr“(Pr/Pr s ) 


and calculate the Reynold’s number, 


Re D =- 


VD 


v 


15m/sx0.3 m 
13.04X10' 6 m 2 / s 


= 345,092. 


From Table 7-4, find C = 0.076 and m = 0.7. Since Pr < 10, n = 0.37, giving 


Nu d =0.076 (345,092) 0 - 7 0.725 


: 0.37 




0.725 

0.707 


4/4 


■ 511 


- — k 511x23.74x10 J W/m K 2 ~ 

h = Nu n — =-= 40.4 W/m z ■ K. 


'D 


D 


0.3 m 


The heat transfer rate is 


q = 40.4W/m 2 ■ K(;t x0.3 mxl.8 m) (24-(-5))° C = 1988 W. < 

COMMENTS: Note the temperatures at which properties are evaluated for the Zhukauskas 
correlation. 





PROBLEM 7.58 


KNOWN: Dimensions and thermal conductivity of a thermocouple well. Temperatures at well tip 
and base. Air velocity. 

FIND: Air temperature. 


SCHEMATIC: 


V=25m/s 

T m 



T, = S7SK 


Thermocouple well 


T 1 -4S0K 


D o -10mm 


ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) One-dimensional 
conduction along well, (4) Uniform convection coefficient, (5) Negligible radiation. 

PROPERTIES: Steel (given): k = 35 W/m-K; Air (given): p = 0.774 kg/m\ p = 251 x 10 ^ N-s/rn^, 
k = 0.0373 W/m-K, Pr = 0.686. 


ANALYSIS: Applying Equation 3.70 at the well tip (x = L), where T = T |, 

Tj-Too 

T _T oo 

— 1 12 

m = (hP/kA c ) P =7tD 0 =k (0.010 m) =0.0314 m 

A c = (7t /4)|Dq -D 2 j = (7t / 4)|o.010 2 -0.005 2 jm 2 = 5.89xl0 -5 m 2 . 

pVD 0.744 kg/m 3 (3m/s) 0.01 m 
With Re D = ^ -=---A-^-= 925 

251x10"' N-s/trr 


cosh mL + (h/mk) sinh mL 


C = 0.51, m = 0.5, n = 0.37 and the Zhukauskas correlation yields 

Nup. =0.51Ren 5 Pr 0 ' 37 (Pr/Pr s ) 1/4 -0.5l(925)°' 5 (0.686) 0 ' 37 xl = 13.5 


‘D 


D, 


0.01m 


Hence 


m = 


(50.4 W/m 2 -K)0.0314 m 
(35 W/m-K)5.89X10 -5 m 2 


1/2 


= 27.7 m" 1 mL = (27.7 m" 1 j0.15 m = 4.15. 


With 


find 


(h/mk) = (50.4 W/m 2 ■ k) /(27.7 m" 1 ) (35 W/m - K) =0.0519 


Ti Too = j- 32j6 2 + (0,0519)32.61] 1 =0.0291 Too = 452.2 K. 


COMMENTS: Heat conduction along the wall to the base at 375 K is balanced by convection from 
the air. 



PROBLEM 7.59 


KNOWN: Mercury-in-glass thermometer mounted on duct wall used to measure air temperature. 

FIND: (a) Relationship for the immersion error, ATj = T(L) - T„ as a function of air velocity, 
thermometer diameter and length, (b) Length of insertion if ATj is not to exceed 0.25°C when the air 
velocity is 10 m/s, (c) For the length of part (b), calculate and plot AT; as a function of air velocity for 2 
to 20 m/s, and (d) For a given insertion length, will ATj increase or decrease with thermometer diameter 
increase; is AT; more sensitive to diameter or velocity changes? 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Thermometer approximates a one-dimensional (glass) 
fin with an adiabatic tip, (3) Convection coefficient is uniform over length of thermometer. 

PROPERTIES: Table A.3 , Glass (300 K): kg = 1.4 W/m-K; Table A.4, Air (T f = (15 + 77)°C/2 - 320 
K, 1 atm): k = 0.0278 W/m-K, V = 17.90 x 10 6 m/s 2 , Pr = 0.704. 

ANALYSIS: (a) From the analysis of a one-dimensional fin, see Table 3.4, 


Tl-T^ 1 2 hP 4h 

—- -=- m =-=- 

T b ~Too cosh(mL) k g A c k g D 

where P = JiD and A c = 7lD 2 /4. Hence, the immersion error is 


(1) 


ATj =T(L)-T 00 =(T b -T 00 )/cosh(mL). 


( 2 ) 


Using the Hilpert correlation for the circular cylinder in cross flow, 


h = -CRe”Pr 1/3 =-C 


D 


"D 


D 


VD pj.1/3 __ kPr 1 ' " c yin p m-l 

V v J V m 


,.1/3 


h = N ■ V m ■ D m_1 


where 


kPr 1/3 

N = kPt_ c 


V 


m 


Substituting into Eq. (2), the immersion error is 
ATj (V, D,L) = (T b -T 00 )/cosh 


r / \ _ _ 

1/2 1 

^(4/k g )N-V m -D m “ 2 

L J 


(3) 

(4,5) 


( 6 ) < 


where k g is the thermal conductivity of the glass thermometer, 
(b) When the air velocity is 10 m/s, find 


Re D = 


VD 10 m/s x 0.004 m 


17.9xl0~ 6 m/s 2 


= 2235 


Continued... 




PROBLEM 7.59 (Cont.) 


with C = 0.683 and m = 0.466 from Table 7.2 for the range 40 < Re D < 4000. From Eqs. (5) and (6), 

d/3 


N = 


0.0278 W/m-K (0.704) 


(n. 


9xl0~ 6 m/s 2 


\0.466 


-x0.683 = 2.753 


ATj = (15-77 )K/cosh 


1.4W/m ■ K 


x2.753(10m/s) 0 ' 466 (0.004m) 0 ' 466 2 


-il/2 


and when ATj = -0.25°C, find 
L = 18.7 mm 


< 


(c) For the air velocity range 2 to 20 m/s, find 447 < Re D < 4470 for which the previous values of C and 
m of the Hilpert correlation are appropriate. Hence, the immersion error for an insertion length of L = 
18.7 mm, part (b), find 


ATj = (15-77 )K/cosh 


1.4W/m ■ K 


-x 


2.753x V 0 ' 466 (0.004m)-1.534 


nl/2 


0.0187 


ATj = -62° C j cosh (3.629V 0 ' 233 ) < 

where the units of V are [m/s]. Entering the above equation into the IHT Workspace the plot shown 
below was generated. 


V(m/s) 

AT (°C) 

2 

-1.74 

5 

-0.63 

10 

-0.25 

15 

-0.14 

20 

-0.08 



(d) For a given insertion length, the immersion error will increase if the diameter of the thermometer 
were increased. This follows from Eq. (6) written as 


ATj ~ l cosh 


AD 


(m-2)/2 


(7) 


/ V J 

where A is a constant depending on variables other than D. For a given insertion length and air velocity, 
from Eq. (6) 


ATj ~ \j cosh (b ■ V m / 2 j 


(8) 


where B is a constant. From Eq. (7) we see AT; relates to change in diameter as D 0 767 and to change in 
velocity as V 0 ' 233 . That is, to reduce the immersion error decrease D and increase V (both cause h to 
increase!). Based upon the exponents of each parameter, however, diameter change is the more 
influential. 



PROBLEM 7.60 


KNOWN: Hot film sensor on a quartz rod maintained at T s = 50°C. 

FIND: (a) Compute and plot the convection coefficient as a function of velocity for water. 0.5 < V w < 5 
m/s, and air, 1 < V a < 20 m/s with T,„ = 20°C and (b) Suitability of using the hot film sensor for the two 
fluids based upon Biot number considerations. 


SCHEMATIC: 


U V a ±20 m/s 


7~ s = 50 °C 


V, = 20 °C ( \ 

/-—-—. * N—•-'^Quartz rod, 

c^Water/0.54\/ w z5 m /s D=1.5 mm 

k='[A W/m K 

ASSUMPTIONS: (1) Cross-flow over a smooth cylinder, (2) Steady-state conditions, (3) Uniform 
surface temperature. 

PROPERTIES: Table A.6, Water (T f = 308 K, sat liquid); Table A.4, Air (T f = 308 K, 1 atm). 

ANALYSIS: (a) Using the IHT Tool, Correlations, Cylinder, along with the Properties Tool for Air and 
Water, results were obtained for the convection coefficients as a function of velocity. 




15 20 


Water velocity, Vw (m/s) 


Air velocity, Va (m/s) 


(b) The Biot number, hD/2k, is the ratio of the internal to external thermal resistances. When Bi » 1, 
the thin film is thermally coupled well to the fluid. When Bi < 1, significant power from the heater is 
dissipated axially by conduction in the rod. The Biot numbers for the fluids as a function of velocity are 
shown below. 



Water velocity, Vw (m/s) Air velocity, Va (m/s) 

We conclude that the sensor is well suited for use with water, but not so for use with air. 


Continued... 







PROBLEM 7.60 (Cont.) 


COMMENTS: A copy of the IHT workspace developed to generate the above plots is shown below. 


// Problem 7.61 


// Correlation Tool: External Flow, Cylinder 

/* Correlation description: External cross flow (EF) over cylinder (CY), average coefficient, ReD*Pr>0.2, 
Churchill-Bernstein correlation, Eq 7.57. See Table 7.9. *1 

// Air flow (a) 

NuDbara = NuD_bar_EF_CY(FteDa,Pra) // Eq 7.57 

NuDbara = hDbara * D / ka 
FteDa = Va * D / nua 

// Evaluate properties at the film temperature, Tfa. 

Tf = (Tint + Ts) / 2 

Bia = hDbara * D / (2 * k) // Biot number 

// Properties Tool: Air 
// Air property functions : From Table A.4 
// Units: T(K); 1 atm pressure 
nua = nu_T(”Air",Tf) 
ka = k_T("Air",Tf) 

Pra = Pr_T("Air",Tf) 


// Kinematic viscoty, m A 2/s 
//Thermal conductivity, W/m-K 
// Prandtl number 


// Water flow (w) 

NuDbarw = NuD_bar_EF_CY(ReDw,Prw) // Eq 7.57 

NuDbarw = hDbarw * D / kw 
ReDw = Vw * D/nuw 

// Evaluate properties at the film temperature, Tfw. 

//Tfw = (Tinfw + Tsw) / 2 

Biw = hDbarw * D / (2 * k ) // Biot number 

// Properties Tool: Water 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); x = quality (0=sat liquid or 1=sat vapor) 
xf = 0 


nuw = nu_Tx("Water",Tf,xf) 
kw = k_Tx("Water",Tf,xf) 
Prw= Pr_Tx("Water",Tf,xf) 


// Kinematic viscosity, m A 2/s 
//Thermal conductivity, W/m-K 
// Prandtl number 


// Assigned Variables: 

Va = 1 
Vw = 0.5 
k= 1.4 
D = 0.0015 
Ts = 30 + 273 
Tint = 20 + 273 


// Air velocity, m/s; range 1 to 20 m/s 
// Water velocity, m/s: range 0.5 to 5 m/s 
// Thermal conductivity, W/m.K; quartz rod 
// Diameter, m 
// Surface temperature, K 
// Fluid temperature, K 


/* Solve, Explore and Graph: After solving, separate Explore sweeps for 1 <= Va <= 20 and 
0.5 <= Vw <= 5 m/s were performed saving results in different Data Sets. Four separate 
plot windows were generated. */ 



PROBLEM 7.61 

KNOWN: Diameter, temperature and heat flux of a hot-film sensor. Fluid temperature. Thickness 
and thermal conductivity of deposit. 

FIND: (a) Fluid velocity, (b) Heat flux if sensor is coated by a deposit. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Constant properties, (3) Thickness of hot film sensor is 
negligible, (4) Applicability of Churchill-Bernstein correlation for uniform surface heat flux, (5) 
Re|j C 282,000, (6) Deposit may be approximated as a plane layer. 


PROPERTIES: TableA-6, water (T f = 292.5K):k = 0.602 W/mK, v =1.02x10 6 m 2 /s, Pr = 7.09. 
ANALYSIS: (a) With Re D « 282,000 and h = q{^ f /(T s hf -T^ ), Eq. (7.57) reduces to 


Nu D - q h f ° 


k(T s ,hf 


• 0.3 + - 


0.62Re^ /2 Pr 1/3 


l + (0.4/Pr) 


2/3 


1/4 


( 1 ) 


Substituting for D, (T s h| - - T rjo ), k and Pr. 

4.98xl0“ 4 qh f ~0.3 + 1.15Rej^ 2 

or, with Rej^ 2 = (D/v) 1/2 V 1/2 = 38.3V 172 , 

4.98xl0 _4 q^ f = 0.3+ 44. IV 17 2 (2) 

Substituting for qj^ f , 


V = 0.20m/s 


< 


(b) For a fixed value of T s , the thermal resistance of the deposit reduces q[ lf . From the thermal 
circuit. 


Ts.hf Too 
(l/h)+(S/k d ) 


Using Eq. (1) to evaluate h, 


Continued 




PROBLEM 7.61 (Cont.) 


(D + <5) 


0.3 + - 


0.62 Re 2 Pr 173 


l + (0.4/Pr) 


2/3 


1/4 


where, with V = 0.20 m/s, Re D = V(D + <5)/v = 314, we obtain 

-{20.7} = 7,780 W / m 2 ■ K 
5°C 


- 0.602 W /m - K 
h = 


Hence, 


0.0016m 

9hf = 


(>■ 


285xlO -4 + 0.5xl0“ 4 |m 2 K/W 


= 2.80xl0 4 W /m 2 < 


With the foregoing heat flux applied to the sensor and use of the model for Part (a), the sensor would 
indicate a velocity predicted from Eq. (2), or 


V = 


4.98x10 _4 x2.80x10 4 — 0.3^ / 44.1 


~|2 


= 0.096m/s 


The error in the velocity measurement is therefore 


%Error = —-— (100%) = Q - 2Q Q - Q96 X 100 = 52% 


V, 


(a) 


0.20 


COMMENTS: (1) The accuracy of the hot-film sensor is strongly influenced by the deposit, and in 
any such application it is important to maintain a clean surface. (2) The Reynolds numbers are much 
less than 282,000 and assumption 5 is valid. 



PROBLEM 7.62 


KNOWN: Long coated plastic, 20-mm diameter rod, initially at a uniform temperature of T; = 25°C, is 
suddenly exposed to the cross-flow of air at T k = 350°C and V = 50 m/s. 

FIND: (a) Time for the surface of the rod to reach 175°C, the temperature above which the special 
coating cures, and (b) Compute and plot the time-to-reach 175°C as a function of air velocity for 5 < V < 
50 m/s. 

SCHEMATIC: 



ASSUMPTIONS: (a) One-dimensional, transient conduction in the rod, (2) Constant properties, and (3) 
Evaluate thermophysical properties at T f = [(T s + T,j/2 + TJ = [(175 + 25)12 + 350]°C = 225°C = 500 K. 

PROPERTIES: Rod (Given): p = 2200 kg/m 3 , c = 800 J/kg-K, k = 1 W/m-K, a = k/pc = 5.68 x 10' 7 
m 2 /s; Table A.4 , Air (T f - 500 K, 1 atm): v = 38.79 x 10 6 m 2 /s, k = 0.0407 W/m-K, Pr = 0.684. 


ANALYSIS: (a) To determine whether the lumped capacitance method is valid, determine the Biot 
number 

w 

k 




The convection coefficient can be estimated using the Churchill-Bernstein correlation, Eq. 7.57, 

-|4/5 


— hD 0.63 Re}) 2 Pr 1/3 

Nu D =-= 0.3 +- y- 


l + (0.4/Pr) 


2/3 


-il/4 


f 


1 + 


Re 


D 


\5/8 


282,000 


Re D 


VD 

V 


50m/sx0.020m/38.79xl0~ 6 m 2 /s = 25,780 


- 0.0407 W/m-K 

h =--- 

0.020 m 


0.63(25,780) 1/2 (0.684) 


0.3 + 


d/3 


1 + (0.4/0.684) 


,2/3 


1/4 


1 + 


f 25,780 3 5/8 


282,000 


4/5 


= 184 W/nr-K(2) 


Substituting for h from Eq. (2) into Eq. (1), find 

Bi lc = 184w/m 2 ■ K(0.010m/2)/lW/m -K = 0.92 »0.1 

Hence, the lumped capacitance method is inappropriate. Using the one-term series approximation, 
Section 5.6.2, Eqs. 5.49 with Table 5.1, 

0* =C!exp(-^ 2 Fo)j 0 (Cir*) r* =r/r 0 =1 


e ,_ T(r o ,t)-T oo _ (l75-350)°C _ 0gi 
Tj -Tqo (25-350)° C 
Bi = hr Q /k = 1.84 ft =1.5308 rad 


Q =1.3384 


Continued... 



PROBLEM 7.62 (Cont.) 

0.54 = 1.3384exp[-(1.5308rad) 2 Fo]J o ( 1.5308 x 1) 

Using Table B.4 to evaluate J G ( 1.5308) = 0.4944, find Fo = 0.0863 where 

^ at n 5.68xl0 -7 m 2 /sxt n _ , ^_3 

Fo = -f =- L -— = 5.68x10 J t 0 (6) 

ro (O.OlOmf 

t Q = 15.2s < 

(b) Using the IHT Model, Transient Conduction, Cylinder, and the Tool, Correlations, External Flow, 
Cylinder, results for the time-to-reach a surface temperature of 175°C as a function of air velocity V are 
plotted below. 



COMMENTS: (1) Using the IHT Tool, Correlations, External Flow, Cylinder, the effect of the film 
temperature T f on the estimated convection coefficient with V = 50 m/s can be readily evaluated. 

T f (K) 460 500 623 

h (W/m 2 -K) 187 184 176 


At early times, h = 184 W/m-K is a good estimate, while as the cylinder temperature approaches the 
airsteam temperature, the effect starts to be noticeable (10% decrease). 


(2) The IHT analysis performed for part (b) was developed in two parts. Using a known value for h , the 
Transient Conduction, Cylinder Model was tested. Separately, the Correlation Tools was assembled and 
tested. Then, the two files were merged to give the workspace for determining the time-to-reach 175°C 
as a function of velocity V. 




PROBLEM 7.63 


KNOWN: Velocity, diameter, initial temperature and properties of extruded wire. Temperature and 
velocity of air. Temperature of surroundings. 

FIND: (a) Differential equation for temperature distribution T(x), (b) Exact solution for negligible 
radiation and corresponding value of temperature at prescribed length of wire, (c) Effect of radiation 
on temperature of wire at prescribed length. Effect of wire velocity and emissivity on temperature 
distribution. 


SCHEMATIC: 

D = 5 mm 



ASSUMPTIONS: (1) Negligible variation of wire temperature in radial direction, (2) Negligible 
effect of axial conduction along the wire, (3) Constant properties, (4) Radiation exchange between 
small surface and large enclosure, (5) Motion of wire has a negligible effect on the convection 
coefficient (V e « V). 

PROPERTIES: Prescribed. Copper: p = 8900kg/m 3 , c p = 400J/kg • K, e = 0.55. Air: 
k = 0.037W/ m• K, v = 3xl0 _5 m 2 /s, Pr = 0.69. 


ANALYSIS: (a) Applying conservation of energy to a stationary control surface, through which the 
wire moves, steady-state conditions exist and E in -E out = 0. Hence, with inflow due to cidvection and 
outflow due to cidvection , convection and radiation, 

pV e A c Cp T — pV e A c Cp (T + dT)-dq conv — dq ra( j — 0 


“P v e ( 


,tD~ /4fp.IT—TrDdx 


dT _ 

4 

dx “ 

pV e DCp _ 


h(T-T M )+«7(T 4 -T s 4 ur ) 
h(T-T M ) + OT(T 4 -T 4 ur ) 


0 


<D < 


Alternatively, if the control surface is fixed to the wire, conditions are transient and the energy 
balance is of the form, -E out = E st , or 


-/rDdx 


/ 4 4 \ 

— n 

( 7 \ 

7lD Z , 

n y 

y 1 1 sur ) 

~ r 

U A 

4 

V / 


dT _ 

4 ' 

dt 

pDCp . 


h(T-T M )+a7(T 4 -T 4 r ) 


dT 

dt 


Dividing the left- and right-hand sides of the equation by dx/dt and V e = dx / dt, respectively, Eq. (1) 
is obtained. 

(b) Neglecting radiation, separating variables and integrating, Eq. (1) becomes 
• T dT 4h r x 


Jt. 


T i T-pV e Dc p J0 


f dx 

Jo 


Continued 







PROBLEM 7.63 (Cont.) 


In 


f T _ T 7 

1 1 GO 

T- -T 

v U x oo J 


4h x 


PV £ D Cp 

f 

T = T 00 + (T i -T^) exp 


4hx 


p V e D Cp 


( 2 ) < 


Nu d = 0.3 + 


0.62(833) 1/2 (0.69) 


-5 2 
m 

1/3 


With Re D = VD/v = 5m/sx0.005m/3xl0 m Is = 833, the Churchill-Bernstein correlation yields 

i4/5 


h = — Nu 
D 


D 


l + (0.4/0.69) 

0.037 W/ m - K 
0.005m 


2/3 


1/4 


1 + 


833 


\5/8 


282,000 


= 14.4 


14.4 = 107 W / m z ■ K 


Hence, applying Eq. (2) at x = L, 

T 0 =25°C + (575°C)exp 


4x107 W/m z ■ Kx5m 


8900 kg / nr x 0.2 m / s x 0.005mx 400 J / kg ■ K 


T 0 = 340°C < 

(c) Using the DER function of IHT, Eq. (1) may be numerically integrated from x = 0tox = L = 5.0m 
to obtain 


T 0 = 309°C < 

Hence, radiation makes a discernable contribution to cooling of the wire. IHT was also used to obtain 
the following distributions. 



Distance from extruder exit, x(m) 

—Ve=0.5 m/s 
—Ve=0.2 m/s 
-®— Ve=0.1 m/s 



Distance from extruder exit, x(m) 

-x- eps=0.8 
— 1 — eps=0.55 
—®— eps=0 


The speed with which the wire is drawn from the extruder has a significant influence on the 


temperature distribution. The temperature decay decreases with increasing V e due to the increasing 
effect of advection on energy transfer in the x direction. The effect of the surface emissivity is less 
pronounced, although, as expected, the temperature decay becomes more pronounced with increasing 


e. 

COMMENTS: (1) A critical parameter in wire extrusion processes is the coiling temperature, that 
is, the temperature at which the wire may be safely coiled for subsequent storage or shipment. The 


larger the production rate (V e ), the longer the cooling distance needed to achieve a desired coiling 
temperature. (2) Cooling may be enhanced by increasing the cross-flow velocity, and the specific 
effect of V may also be explored. 




PROBLEM 7.64 


KNOWN: Experimental apparatus comprised of a flat plate subjected to an airstream in parallel flow. 
Electrical patch heater on backside dissipates 15.5 W for all conditions. Pin fins fabricated from brass 
with prescribed diameter and length can be firmly attached to the plate. Fin tip and base temperatures 
observed for five different configurations (N, number of fins). 

FIND: (a) The thermal resistance between the plate and airstream for the five configurations, (b) Model 
of the plate-fin system using appropriate convection correlations to predict the thermal resistances for the 
five configurations; compare predictions and observations; explain differences, and (b) Predict thermal 
resistances when the airstream velocity is doubled. 

SCHEMATIC: 



Experimental observations: 


N 

T tl p (°C) 

T s (°C) 

0 

— 

70.2 

1 

40.6 

67.4 

2 

39.5 

64.7 

5 

36.4 

57.4 

8 

34.2 

52.1 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible effect of flow interactions between pins, 
(3) Negligible radiation exchange with surroundings, (4) All heater power is transferred to airstream, and 
(5) Constant properties. 

PROPERTIES: Table A.4 , Air (T f = 310 K, 1 atm): k = 0.0270 W/m-K, v = 1.69 x 10 s m 2 /s, Pr = 
0.706; Table A.l, Brass (T = 300 K): k = 110 W/m-K. 


ANALYSIS: (a) The thermal resistance between the plate and the airstream is defined as 


q 

The heat rate is 15.6 W for all configurations and using T s values from the above table with T t>) = 20°C, 
find 


Continued... 










PROBLEM 7.64 (Cont.) 

N 0 12 5 8 

R tot (K/W) 3.24 3.06 2.88 2.41 2.07 

(b) The thermal resistance of the plate-fin system can be expressed as 

^tot = [l/Rbase + N/Rfin ] (2) 

where the thermal resistance of the exposed portion of the base, A b , is 


Rbase ~ r a 
hb A b 

(3) 

A b = A s — NA C 

(4) 


where the A c is the cross-sectional area of a fin and A s is the plate surface area. Approximating the 
airstream over the plate as parallel flow over a plate, use the IHT Correlation Tool, External Flow, Flat 
Plate assuming the flow is turbulated by the leading edge, to find 

h b =51w/m 2 K. 

From the experimental observation with no fins (N = 0), the convection coefficient was measured as 

h b CXD =--- =--= 460w/m 2 ■ K 

A^Ts-T^) (0.0259 m) 2 (70.2-20)°C 

Since the predicted coefficient is nearly an order of magnitude lower, we chose to use the experimental 
value in our subsequent analyses to predict overall system thermal resistance. 

Approximating the airstream over a pin fin as cross-flow over a cylinder, use the IHT Correlation Tool, 
External Flow, Cylinder to find 

h fin =118w/m 2 K. 

Using the IHT Extended Surface Model for the Rectangular Pin Fin (Temperature Distribution and Heat 
Rate ) with a convection tip condition, the following fin thermal resistance was found as 

Rfin = 25.4 K/W 


Using the foregoing values for R fin 
below. 

and h b , the thermal resistances of the plate-fin system are tabulated 

N 

0 

1 

2 

4 

V 

oo 

Rbase (K/W) 

3.241 

3.331 

3.426 

3.746 

4.133 

Rfin (K/W) 

- 

25.4 

12.7 

5.08 

3.18 

R,ot (K/W) 

3.24 

2.95 

2.70 

2.16 

1.80 


By comparison with the experimental results of part (a), note that we assured agreement for the N = 0 
condition by using the measured rather than estimated (correlation) convection coefficient. The 
predicted thermal resistances are systematically lower than the experimental values, with the worst case 
(N = 8) being 13% lower. 


Continued... 



PROBLEM 7.64 (Cont.) 


(c) The effect of doubling the velocity, from u^ = 6 to 12 m/s, will cause the fin convection coefficient 
to increase from hfj n = 118 to 169 W/m 2 K. For the base convection coefficient, we’ll assume the flow 

_ Q g 

is fully turbulent so that h ~ (u^ ) ' according to Eq. 7.41, hence 

- - ( 12 ^-8 / r, no / ~ 

h b (I2m/s) = h b (6m/s) — = 460W/m 2 ■ K(2) u = 800W/m 2 ■ K 

l 6 

Using the same procedure as above, find 

N 0 12 4 8 

Rbase(K/W) 1.863 1.915 1.970 2.154 2.376 

Rf m (K/W) - 18.96 9.480 4.740 2.370 

R tot (K/W) 1.86 1.74 1.63 1.48 1.19 

The effect of doubling the airstream velocity is to reduce the thermal resistance by approximately 35%. 



PROBLEM 7.65 

KNOWN: Temperature and velocity of water flowing over a sphere of prescribed temperature and 
diameter. 

FIND: (a) Drag force, (b) Rate of heat transfer. 

SCHEMATIC: 

t 00 =zo°c ; 

V = S tti/s 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform surface temperature. 

3 6 2 

PROPERTIES: Table A-6, Saturated Water (Too = 293K): p = 998 kg/m , p = 1007 x 10 N-s/m , 

6 2 3 

k = 0.603 W/m-K, Pr = 7.00; (T s = 333 K): p = 467 x 10" 1 N s/m ; (T f = 313 K): p = 992 kg/m , p = 
657 x 10 ^ N-s/nb. 

ANALYSIS: (a) Evaluating p and p at the film temperature, 

vp> (992 kg/m 3 15 m/s (0.02 m) 

Rep, = ° -=2- L— ---=1.51xl0 5 

(2 657x10"° N-s/m 2 


and from Fig. 7.8, Q) = 0.42. Hence 

\2 \t2 


V 2 7t (0.02 m) kg (5 m/s) 
lb = C D — P — = 0.42 , 992 -4 ' = 1 -64 N. 


m 


(b) With the Reynolds number evaluated at the free stream temperature, 

RcD _ P VD _ 998 k g /m3 ( 5m/s ) (°-Q 2m) -9,9lxl0 4 


(2 


1007xlO' 6 N-s/m 2 


it follows from the Whitaker relation that 

N^d 





( 

2 + 

0.4Rcq 2 + 0.06Reg 3 

Pr 0 ' 4 

(2 

l^s J 


Nu d — 2 + 


0.4^9.91x 10 4 + 0.06 (9.91x10 


A\ 


2/3 


(7.0) 


0.4 


1007 


>1/4 


v 467 j 


:673. 


Hence, the convection coefficient and heat rate are 


h = — Nu 
D 


D 


0.603 W/m ■ K 
0.02 m 


673=20,300 W/m z ■ K 
W ,_ T2 


q = hf^D 2 ) (T s - Too) = 20,300—^- n (0.02 m) 2 (60-20)°C = 1020 W. 

v ' m 2 ■ K 


COMMENTS: Compare the foregoing value of h with that obtained in the text example under 
similar conditions. The significant increase in h is due to the much larger value of k and smaller value 
of V for the water. Note that Rep> is slightly beyond the range of the correlation. 



PROBLEM 7.66 


KNOWN: Temperature and velocity of air flow over a sphere of prescribed surface temperature and 
diameter. 


FIND: (a) Drag force, (b) Heat transfer rate with air velocity of 25 m/s; and (c) Compute and plot the 
heat rate as a function of air velocity for the range 1 < V < 25 m/s. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform surface temperature, (3) Negligible radiation 
exchange with surroundings. 


PROPERTIES: Table A.4 , Air (T, = 298 K, 1 atm): p = 184 x 10 7 N-s/m 2 ; v = 15.71 x 10 6 m 2 /s, k = 
0.0261 W/m-K, Pr = 0.71; (T s = 348 K): p = 208 x 10 7 N-s/m 2 ; (T f = 323 K): v = 18.2 x 10 6 m 2 /s, p = 
1.085 kg/m 3 . 


ANALYSIS: (a) Working with properties evaluated at T f 


Re D 


VD 

v 


25m/s(0.01m) 4 

- V =1.37xl0 4 

18.2xl0“ b m /s 


and from Fig. 7.8, find C D ~ 0.4. Hence 

Fq =C D (;rD 2 /4)(pV 2 /2) = 0.4(7r/4)(0.01m) 2 1.085kg/m 3 (25m/s) 2 /2 = 0.011N < 


(b) With 


Re D = 


VD 

V 


25m/s(0.01m) 4 

- v -L = 1.59xl0 4 

15.71xl0“ 6 m/s 


it follows from the Whitaker relation that 


Nud = 2 + 


Nud =2 + 


0.4 Re^ 2 + 0.06 Re 2 7 3 


Pr 


0.4 


f yl/4 

A 

As; 


l 4\ 1/2 l 4\ 2/3 

0.4N .59xl0 4 j +0.06N .59xl0 4 j 


(0.71)' 


0.4 


(184 ^ 1/4 


v 208 j 


= 76.7 


Hence, the convection coefficient and convection heat rate are 

r 77“ k _ 0.0261W/m-K ^ irvrv „ 7 / 2 

h = Nud — = 76.7--= 200W/m z ■ K 

D 0.01m ' 


q = h^D 2 (T s - Too) = 200W/m 2 -Kx^(0.01m)" (75-25)° C = 3.14W 


Continued... 



PROBLEM 7.66 (Cont.) 


(c) Using the IHT Correlation Tool, External Flow, Sphere, the average coefficient and heat rate were 
calculated and are plotted below. 



Air velocity, V (m/s) 


COMMENTS: (1) A copy of the IHT Workspace used to generate the above plot is shown below. 

// Correlation Tool - External Flow, Sphere: 

NuDbar = NuL_bar_EF_SP(ReD,Pr,mu,mus) // Eq 7.58 
NuDbar = hbar * D / k 
ReD = V * D / nu 

r Evaluate properties at Tint and the surface temperature, Ts. 7 

/* Correlation description: External flow (EF) over a sphere (SP), average coefficient, 3.5<ReD<7.6x10 A 4, 
0.71<Pr<380, 1.0<(mu/mus)<3.2, Whitaker correlation, Eq 7.59. See Table 7.9. 7 

// Properties Tool - Air: 

// Air property functions : From Table A.4 
// Units: T(K); 1 atm pressure 

mu = mu_T("Air",Tinf) //Viscosity, N-s/m A 2 

mus = mu_T("Air",Ts) //Viscosity, N-s/m A 2 

nu = nu_T(''Air”,Tinf) // Kinematic viscosity, m A 2/s 

k = k_T("Air",Tinf) // Thermal conductivity, W/m-K 

Pr = Pr_T("Air",Tinf) // Prandtl number 

// Heat Rate Equation: 

q = hbar * pi * D A 2 * (Ts - Tint) 

// Assigned Variables: 

D = 0.01 // Sphere diameter, m 

Ts = 75 + 273 // Surface temperature, K 

V = 25 // Airstream velocity, m/s 

Tinf = 25 + 273 // Airstream temperature, K 




PROBLEM 7.67 


KNOWN: Sphere with a diameter of 20 mm and a surface temperature of 60°C that is immersed in a 
fluid at a temperature of 30°C with a velocity of 2.5 m/s. 

FIND: The drag force and the heat rate when the fluid is (a) water and (b) air at atmospheric pressure. 
Explain why the results for the two fluids are so different. 


SCHEMATIC: 

Water - 


Tqq = 30°C 
V = 2.5 m/s 



Sphere 

T s = 60°C 
D = 20 mm 


Fd,w or Fq a 



ASSUMPTIONS: (1) Flow over a smooth sphere, (2) Constant properties. 

PROPERTIES: Table A-6, Water (T*, = 30°C = 303 K): p = 8.034 x 10' 4 N s/m 2 , v = 8.068 x 10‘ 7 
m 2 /s, k = 0.6172 W/m-K, Pr = 5.45; Water (T s = 333 K): p s = 4.674 x 10' 4 N-s/m 2 ; Table A-4, Air 
(Too = 30°C = 303 K, 1 atm ): p = 1.86 x 10' 5 N-s/m 2 , v = 1.619 x 10" 5 m 2 /s, k = 0.0265 W/m-K, Pr = 
0.707; Air (T*, = 333 K): p s = 2.002 x 10' 5 N-s/m 2 . 


ANALYSIS: The drag force, F 0 , for the sphere is determined from the drag coefficient, Eq. 7.54, 

% 


c D = 


A f (pV 2 /2) 


where Af = 7lD /4 is the frontal area. Cp is a function of the Reynolds number Rep> = VD / v 
as represented in Figure 7.8. For the convection rate equation, 

q = hjy A s (T s — Too) 

2 

where A s = 7lD is the surface area and the convection coefficient is estimated using the Whitaker 
correlation, Eq. 7.59, 


Nu j-j — 2 + 


0.4 Re} 7 2 + 0.06 Re 2 7 3 


Pr a4 (p/p s ) 


1/4 


where all properties except p s are evaluated at Too- For convenience we will evaluate properties 
required for the drag force at Too. The results of the analyses for the two fluids are tabulated below. 


Fluid Re D C D F d (N) Nu d h D (w/m 2 -K) q(W) 

water 6.198 x 10 4 0.5 0.489 439 13,540 510 

air 3.088 x 10 3 0.4 0.452 x 10" 3 31.9 42.3 1.59 

-4 2 -3 2 

The frontal and surface areas, respectively, are Af = 3.142 x 10 m and A s = 1.257 x 10 m . 

COMMENTS: The Reynolds number is the ratio of inertia to viscous forces. We associate higher 
viscous shear and heat transfer with larger Reynolds numbers. The drag force also depends upon the 
fluid density, which further explains why Fj) for water is much larger, by a factor of 1000, than for air. 

Nuf> is dependent upon Rep where n is 1/2 to 2/3, and represents the dimensionless temperature 
gradient at the surface. Since the thermal conductivity of water is nearly 20 times that of air, we 
expect a significant difference between hpj and q for the two fluids. 













PROBLEM 7.68 


KNOWN: Conditions associated with airflow over a spherical light bulb of prescribed 
diameter and surface temperature. 


FIND: Heat loss by convection. 


SCHEMATIC: 



V= 0.5m/s -1> 

Ti=25°C > 

", - > 

p = 1 atm 


& 


0.05m 

71 -140°C 

-50-W bulb, 
A=4'rfr z =‘TfD z 


ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform surface temperature. 

PROPERTIES: Table A-4, Air (T f = 25°C, 1 atm): v = 15.71 x 10' 6 m 2 /s, k = 0.0261 
W/m-K, Pr = 0.71, [I = 183.6 x 10~ ? N s/m 2 ; Table A-4 , Air (T s = 140°C, 1 atm): (I = 235.5 
xlO 7 N s/m 2 . 

ANALYSIS: The heat rate by convection is 


q = h^D 2 ) (Ts-T^) 


where h may be estimated from the Whitaker relation 


h=> 

DL 


2 + (o.4 Re|^ 2 + 0.06 Re 273 ) Pr 0 ' 4 (/s/fi s ) 114 


where 


Re D = 


VD 

v 


0.5 m/sx0.05 m 
15.71xl0' 6 m 2 /s 


= 1591. 


Hence, 


r 0.0261 W/m-K 

h =- 

0.05 m 

h = 11.4 W/m 2 ■ K 


2 + 


0.4(l59l) 1/2 +0.06(l59l) 2/3 


(0.71) 0 ' 4 


^183.6 
^ 235.5 


4/4 


and the heat rate is 


q = 11.4—--^(0.05 m) 2 (140-25)°C = 10.3 W. < 

m 2 ■ K 

COMMENTS: (1) The low value of h suggests that heat transfer by free convection may be 
significant and hence that the total loss by convection exceeds 10.3 W. 

(2) The surface of the bulb also dissipates heat to the surrounding by radiation. Further, in an 
actual light bulb, there is also heat loss by conduction through the socket. 



PROBLEM 7.69 


KNOWN: Diameter, properties and initial temperature of niobium sphere. Velocity and temperature 
of nitrogen. Temperature of surroundings. 

FIND: (a) Time for sphere to cool to prescribed temperature if radiation is neglected, (b) Cooling 
time if radiation is considered. Effect of flow velocity. 


SCHEMATIC: 



V = 5 m/s 


Niobium sphere, D = 10 mm 
Tj = 900°C, T f = 300°C 

p = 8600 kg/m3 c = 290 J/kg-K 
k = 63 W/m-K S = 0.6 


ASSUMPTIONS: (1) Lumped capacitance method is valid, (2) Constant properties, (3) Radiation 
exchange with large surroundings. 

PROPERTIES: Table A-4, nitrogen (T m = 298K): ju = 177xl0“ 7 N ■ s/m 2 , v = 15.7xl0“ 6 m 2 /s, 
k = 0.0257 W/m-K, Pr = 0.716. Table A-4, nitrogen (T S =873K): h s = 368 xlO -7 N ■ s/m 2 . 
ANALYSIS: (a) Neglecting radiation, the cooling time may be determined from Eq. (5.5), 


rK ,6 K 9 \ _ pcD 


h?rD z 


ln^-: 

e 


T- -T 

~~ln E ioo 


6h T f -To, 


The convection coefficient is obtained from the Whitaker correlation with Re D = VD / v 


= 5m/sx0.01m/15.7x10 6 m 2 /s = 3185. Hence, 


1/4 


Nu D = (hD/k) = 2 + (0.4Re j 72 + 0.06Re 273 )Pr 0 ' 4 (p/p s ) 

b 111 '\®' 2 ^ 


- 0.0257 W/m-K 

h =- {2 + 

0.01m 


0.4(3185) 1/2 +0.06(3185) /M (0.716)' 


2/3 


m.4 


y 368 j 


■ = 71.8 W/m-K 


8600kg/m 3 x290J/kg -KxO.Olm (900-25) ^ 

t =--- In --- = 67 s 

6x71.8W/m 2 ■ K (300-25) 


(b) If the effect of radiation is considered, the cooling time can be obtained by integrating Eq. (5.15). 
With A s / V = 7 tD 2 /1 ;rD 3 / 6) = 6 / D, the appropriate form of the equation is 


dT _ 

6 r 

dt 

pcD . 


h(T-T„)+£c(T 4 -T s 4 ur ) 


Using the DER function of IHT to integrate this equation over the limits from Tj = 1173 K to 
Tf = 573 K, we obtain 


< 


t = 48 s 


Continued 



















PROBLEM 7.69 (Cont.) 


For V = 1.0 and 25.0 m/s. the cooling times are t ~ 80 and 24 s, respectively. Temperature histories 
for the three velocities are shown below. 



—V=1.0 m/s 
—i— V=5.0 m/s 
V=25.0 m/s 


COMMENTS: The cooling time is significantly affected by the flow velocity. 




PROBLEM 7.70 


KNOWN: An underwater instrument pod having a spherical shape with a diameter of 85 mm 
dissipating 300 W. 

FIND: Estimate the surface temperature of the pod for these conditions: (a) when submersed in a bay 
where the water temperature is 15°C and the current is 1 m/s, and (b) after being hauled out of the 
water without deactivating the power and suspended in the ambient where the air temperature is 15°C 
and the wind speed is 3 m/s. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Flow over a smooth sphere, (3) Uniform surface 
temperatures, (4) Negligible radiation heat transfer for air (a) condition, and (5) Constant properties. 

PROPERTIES: Table A-6, Water (T^ = 15°C = 288 K): p = 0.001053 N s/m 2 , v = 1.139 x 10" 6 
m 2 /s, k = 0.5948 W/m-K, Pr = 8.06; Table A-4 , Air (Too = 288 K, 1 atm): p = 1.788 x 10' 5 N-s/m 2 , v = 
1.482 x 10~ 5 m 2 /s, k = 0.02534 W/m-K; Air (T s = 945 K): p s = 4.099 x 10' 5 N-s/m 2 , Pr = 0.710. 

ANALYSIS: The energy balance for the submersed-in-water (w) and suspended-in-air (a) conditions 
are represented in the schematics above and have the form 

Ein — E out + Eg en = —q cv + P e = 0 (1) 

—hp) A s (T s — Tqo ) + Pe = 0 

i — 

where A s = 7tD and tpj is estimated using the Whitaker correlation, Eq. 7.59, 

Nu D =2+ 0.4 Re^ 2 + 0.06 Re 2 7 3 Pr 0 ' 4 //i s ) 1/4 (2) 

where all properties except p s are evaluated at Too- The results are tabulated below. 


Condition 

Re D 

Nu d 

h D 

(W/m 2 -K) 

T s 

(°C) 

(w) water 

7.465 x 10 4 

509 

3559 

18.7 

(a) air 

1.72 x 10 4 

67.5 

20.1 

672 


COMMENTS: (1) While submerged and dissipating 300 W, the pod is safely operating at a 
temperature slightly above that of the water. When hauled from the water and suspended in air, the 
pod temperature increases to a destruction temperature (672°C). The pod gets smoked! 

(2) The assumption that p/p s ~ 1 is appropriate for the water (w) condition. For the air (a) condition, 
p/p s = 0.436 and the final term of the correlation is significant. Recognize that radiation exchange 
with the surroundings for the air condition should be considered for an improved estimate. 


Continued 











PROBLEM 7.70 (Cont.) 


(3) Why such a difference in T s for the water (w) and air (a) conditions? From the results table note 
that the Rep, Nup, and hp> are, respectively, 4x, 7x and 170x times larger for water compared to air. 
Water, because of its thermophysical properties which drive the magnitude of hp, is a much better 
coolant than air for similar flow conditions. 


/* Comment: Because Ts is much larger than Tint for the in-air operation, the ratio of mu / mus 
exceeds the limits for the correlation. Hence, a warning message comes with the IHT solution. 7 

/* Results - operation in air 


As NuDbar Pr 

ReD 

Tinf 

Ts Ts C 

hbar 

k mu 

mus nu 

D 

Pelec 

Tinf C V 



0.0227 67.5 0.7101 

1.72E4 

288 

944.8 671.8 

20.12 

0.02534 1.786E-5 

4.099E-5 1.482E-5 0.085 

300 

15 3 7 



// Correlation, sphere 






NuDbar = NuL_bar_EF_SP(ReD,Pr,mu,mus) 

// Eq 7.59 




NuDbar = hbar * D / k 
ReD = V * D / nu 

/* All properties except mus are evaluated at Tinf. 7 

/* Correlation description: External flow (EF) over a sphere (SP), average coefficient, 
3.5<ReD<7.6x10 A 4, 0.71<Pr<380, 1,0<(mu/mus)<3.2, Whitaker correlation, Eq 7.59. See Table 7.9. 7 

// Energy balance 

Pelec - hbar * As * (Ts - Tinf) = 0 
As = pi * D A 2 


// input variables 

D = 0.085 
//V = 1.0 
V = 3 

Tinf_C = 15 
Pelec = 300 

// Conversions 

Tinf = Tinf_C + 273 
Ts = Ts_C + 273 

// Air property functions : From Table A.4 
// Units: T(K); 1 atm pressure 
mu = mu_T(''Air",Tinf) //Viscosity, N-s/m A 2 

mus = mu_T("Air",Ts) //Viscosity, N-s/m A 2 

// mus = mu 
nu = nu_T("Air",Tinf) 
k = k_T (”Air”,Tinf) 

Pr = Pr_T("Air",Tinf) 


//Water current 
// Wind speed 


// Kinematic viscosity, m A 2/s 
//Thermal conductivity, W/m-K 
// Prandtl number 



PROBLEM 7.71 


KNOWN: Air cooling requirements for lead pellets in the molten slate. 

FIND: Height of tower from which pellets must be dropped to convert from liquid to solid state. 

SCHEMATIC: 



ASSUMPTIONS: (1) Pellet remains at melting point temperature throughout process, (2) Density of 
lead, p f , remains constant (at density of molten lead) throughout process, (3) Radiation effects are 
negligible. 

PROPERTIES: Table A-7, Lead (M.P. = T s = 327.2°C): p10,600 kg / m 3 ; Handbook 

Chemistry and Physics: Latent heat of fusion, h s f = 24.5 kJ/kg; Table A-4, Air (Too = 15°C): p a = 

3 6 2 3 V 2 

1.22 kg/m , v = 14.8 x 10" m /s, k = 25.3 x 10 W/m-K, Pr = 0.71, p = 178.6 x 10" N s/m ; (T s = 

327°C): p s = 306 x 10" ? N-s/m 2 . 

ANALYSIS: Conservation of energy dictates that the energy released to solidification must be given 
off to the air by convection. Applying the conservation of energy requirement on a time interval basis, 
~F ou t = AE st where E out = q conv • t s 

and t s is the time required to completely solidify a pellet. Hence, 

-h(^D 2 ) (T s -T 00 )-t s = -h sf p^;tD 3 /6). 

With the pellet moving at the terminal velocity, V, the height of the tower must be 

H=v t _ -X’M PfD 
s 6h(T s -T 00 ) 

The terminal velocity may be obtained from a force balance on the pellet. Equating the drag and 
gravity forces, 

F g =F D 

where Fg = p p |ti D 3 / 6 jg and Fp> is obtained from the drag coefficient 


1/2 


p£ TtD /6 g=Cp) 7tD"/4 P a V /2 


V = 


f \l/2 

Pi gD A 

3 p a C D 


410,600 kg/m 3 ( 9 ' 8 m/s2 ) (°- 003 m ) 


3 1.22 kg/m 3 


C D 


V (m/s) = 18.5/Cp 2 . 


Continued 




PROBLEM 7.71 (Cont.) 


The drag coefficient may be obtained from Fig. 7.8 and knowledge of the Reynolds number, where 


Re D = 


YD 

v 


V (0.003 m) 
14.8X10' 6 m 2 / s 


202.7 V(m/s). 


In a trial-and-error procedure which involves guessing a value of V, calculating Rcq. obtaining C[) 
from Fig. 7.8, and computing V from Eq. (1), it was found that 

V « 29 m/s Re D » 5900. 


From the Whitaker correlation, it follows that 





( ^ 

Nu Q — 2 + 

0.4Rcq 2 +0.06Reg 3 

Pr 0 - 4 



L J 


,Ps , 


Nu d — 2 + 


1/9 9 it. 0 4 

0.4(5900) +0.06(5900) (0.71) 


f _7 \ 

178.6x10 7 ' 
306x10“ 


1/4 


:40.4 


7 - — ^ 

h = Nu 


D 


v D y 


= 40.4 


^ 25.3xl0“ 3 W/m K ^ 
0.003 m 


= 341 W/nT ■ K. 


Accordingly, 


29 m/s x 24,500 J/kgx 10,600 kg/m 3 x 0.003 m . 

H —-— 35 m. 

6x341 W/m 2 ■ Kx(327.2 -15)° C 

COMMENTS: (1) In a free fall from such a height ( H = 35 m), the pellet will not have sufficient 
time to reach the terminal velocity (its maximum velocity on impacting the water would be 28.7 m/s). 
Accordingly, V has been overestimated and the required value of H has been overpredicted. A more 
accurate treatment would involve applying the energy balance at successive times from the initiation of 
the fall, using the pellet velocity appropriate to each time. 

(2) Accounting for radiation effects would further diminish the required value of H. 


(3) The correlation has been used outside its range of applicability, since p/p s < 1. 



PROBLEM 7.72 


KNOWN: A spherical workpiece of pure copper with a diameter of 15 mm and emissivity of 0.5 is 
suspended in a large furnace with walls at a uniform temperature of 600°C. The air flow over the 
workpiece has a temperature of 900°C with a velocity of 7.5 m/s. 

FIND: (a) The steady-state temperature of the workpiece; (b) Estimate the time required for the 
workpiece to reach within 5°C of the steady-state temperature if its initial, uniform temperature is 
25°C; (c) Estimate the steady-state temperature of the workpiece if the air velocity is doubled with all 
other conditions remaining the same; also, determine the time required for the workpiece to reach 
within 5°C of this value. Plot on the same graph the workpiece temperature histories for the two air 
velocity conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Flow over a smooth sphere, (2) Sphere behaves as spacewise isothermal object; 
lumped capacitance method is valid, (3) Sphere is small object in large, isothermal surroundings, and 
(4) Constant properties. 

PROPERTIES: Table A-4 , Air (Too = 1173 K, 1 atm): p = 4.665 x 10' 5 N-s/m 2 , v = 0.0001572 m 2 /s, 
k = 0.075 W/m-K, Pr = 0.728; Air (T s = 1010 K, 1 atm): p s = 4.268 x 10' 5 N-s/m 2 

ANALYSIS: (a) The steady-state temperature is determined from the energy balance on the sphere as 
represented in the schematic above. 

Ein — E out + Eg en = 0 — Ocv — Trad +0 = 0 


^D^s (T s Too) £A s <7 (T s T sur j — 0 


( 1 ) 


where A s = 7tD /4. The convection coefficient can be estimated using the Whitaker correlation, Eq. 
7.59, where all properties except p s are evaluated at Too. Assume T s = 737°C = 1010 K to evaluate p s . 


Nu 


D 


2 + 


0.4 Re} 7 2 + 0.06 Re 2 7 3 


Pr 04 ^/^) 174 


( 2 ) 


See the table below for results of the correlation calculations. From the energy balance, canceling out 
A s , with numerical values, find T s . 

-79.8 W / m 2 ■ K (T s -1173) K - 0.5x 5.67 x 10 -8 W / m 2 ■ K 4 (t 4 - 873 4 j K 4 


T s =1010 K = 737°C. 


(b) The time required for the sphere initially at T; = 25 °C to reach within 5°C of the steady- 
state temperature can be determined from the energy balance for the transient condition. 


Continued 








PROBLEM 7.72 (Cont.) 


Ein E OU ( + Eg en - E st 

-h D A s (T s -T„)-£V (t s 4 - T 4 ,.) = pc (;rD 3 / 6)^ (3) 

Recognize that hpj is not constant, but depends upon T s (t). Using IHT to perform the integration, 
evaluate hjy, and provide pure copper properties p and c as a function of T s , the time t 0 for T(t 0 ) = 
(737 - 5)°C = 732°C is 

t 0 = 274 s < 

See Comments 1 and 2 for details on the IHT calculation method. 

(c) Use Eq. (1) and (2) to find the steady-state temperature when the air velocity is doubled, V = 2 x 
7.5 ms = 15 m/s. The results are tabulated below along with those from part (a). 


Part V Rcq N u D hp> T s 

(m/s) (W/m 2 -K) (°C) 


a 7.5 715.6 15.96 79.8 737 

b 15 1431 22.42 112.1 760 


As expected, increasing the air velocity will cause the sphere temperature to increase toward Too. Note 
that hp) increases by a factor of 1.4 as the air velocity is doubled. From correlation Eq. (2) note that 
hfj is approximately proportional to V n where n is in the range 1/2 to 2/3. Using the IHT code for the 
lumped capacitance analysis, the time for T(t 0 ) = (760 - 5)°C = 755°C is 

t Q = 230 s < 

The temperature histories for the two air velocity conditions are calculated using the foregoing 
transient analyses in the IHT workspace. 


Workpiece temperature history 

800 

§ 

C/3 

H 600 

CD 
3 
05 

q5 400 

CL 

E 

Q) 

% 200 

-C 
Q_ 

CO 

0 

0 100 200 300 

Elapsed time, t (s) 

-V = 7.5 m/s, air velocity 

V = 15 m/s 
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PROBLEM 7.72 (Cont.) 


COMMENTS: (1) The portion of the IHT code for performing the energy balance and evaluating the 
convection correlation function using the properties function follows. 

// Convection correlation, sphere 

NuDbar = NuL_bar_EF_SP(ReD,Pr,mu,mus) // Eq 7.59 
NuDbar = hbar * D / k 
ReD = V * D / nu 

r All properties except mus are evaluated at Tint. */ 

/* Correlation description: External flow (EF) over a sphere (SP), average coefficient, 

3.5<ReD<7.6x10 A 4, 0.71<Pr<380, 1.0<(mu/mus)<3.2, Whitaker correlation, Eq 7.59. See Table 7.9. */ 

// Energy balance, steady-state temperature 

-hbar * As * (Ts - Tint) - eps * sigma * (Ts A 4 - Tsur A 4) * As = 0 
As = pi * D A 2 
sigma = 5.67e-8 

// Air property functions : From Table A.4 

// Units: T(K): 1 atm pressure 

mu = mu_T("Air",Tinf) //Viscosity, N-s/m A 2 

mus = mu_T("Air'',Ts) //Viscosity, N-s/m A 2 

nu = nu_T("Air'',Tinf) // Kinematic viscosity, m A 2/s 

k = k_T("Air",Tinf) //Thermal conductivity, W/m-K 

Pr = Pr_T("Air",Tinf) // Prandtl number 

// Input variables 

D = 0.015 
eps = 0.5 
V = 7.5 

Tinf = 900 + 273 
Tsur = 600 + 273 


(2) Two modifications can be made to the code above to perform the lumped capacitance method for 
the transient analysis: (a) include the storage term in the energy balance and (b) provide the properties 
function for copper. The initial condition, Ti = 288 K, is entered as the initial condition when the 
solver performs the integration. 

// Energy balance, steady-state; equilibrium temperature 

-hbar * As * (Ts - Tinf) - eps * sigma * (Ts A 4 - Tfur A 4) * As = M * ecu * der(Ts,t) 

As = pi * D A 2 
sigma = 5.67e-8 
M = rhocu * pi * D A 3 / 6 

// Copper (pure) property functions : From Table A.1 
// Units: T(K) 

rhocu = rho_300K("Copper") // Density, kg/m A 3 

kcu = k_T("Copper",Ts) // Thermal conductivity,W/m-K 

ecu = cp_T("Copper",Ts) // Specific heat, J/kg-K 

(3) Show that the lumped capacitance method is valid for this application. 



PROBLEM 7.73 

KNOWN: Diameter and initial and final temperatures of copper spheres quenched in a water bath. 


FIND: (a) Terminal velocity in the bath, (b) Tank height. 

SCHEMATIC: 

Water 

^o=Z 80 K 

Copper sphere, D^ZOmm, 




I_, ■ ^conv 

i— / 


Tf D < 


T,(r,0)-360K,T f m-S20K <^F,-( Pcu - fi ) e ^ 


ASSUMPTIONS: (1) Sphere descends at terminal velocity, (2) Uniform, but time varying surface, 
temperature. 

PROPERTIES: Table A-l, Copper (350K): p = 8933 kg/m , k = 398 W/m-K, c p = 387 J/kg-K; 

3 6 2 

Table A-6, Water (L = 280 K): p = 1000 kg/m , p = 1422 x 10" ’ N-s/m , k = 0.582 W/mK, Pr = 
10.26; (T s - 340 K): p s =420 x 10’ 5 N-s/m 2 . 


ANALYSIS: A force balance gives Cp> |7tD“ / 4j pV^ /2 = (p cu - p ) g 7tD 3 /6, 

c v 2 = 4D p^_-p = 4xO02m 8933-1000 9 g ^2 =2 Q7 m 2 /s 2 

3 p 3 1000 

An iterative solution is needed, where Cf) is obtained from Figure 7.8 with Re [) = VD/v = 0.02 m 
-6 2 

V/1.42 x 10 m /s = 14,085 V (m/s). Convergence is achieved with 
V« 2.1 m/s 

for which Rcq = 29,580 and Cq = 0.46. Using the Whitaker expression 

NH D =2 + (0.4x29,850 1/2 +0.06x29,850 273 ) (10.26) a4 (1422/420) 1/4 = 439 

h = Nu d k/D = 439x0.582 W/m- K/0.02 m = 12,775 W/m 2 ■ K. 

To determine applicability of lumped capacitance method, find Bi = h (r G / 3)/ k cu = 12,775 

W/m" ■ K (0.01 m/3) /398W/m- K = 0.11. Applicability is marginal. Use Heisler charts, 


e; 


T -T 

a O A oo 

T- -T 

A 1 ‘oo 


320-280 


0.5, Bi" 1 ==— = 3.12, Fo ~ 0.88 ■ 


atf 


360-280 hr G r< 2 ' 

With a cu = k/pcp = 398 W/m-K/(8933 kg/m 3 ) (387 J/kg-K) = 1.15 x 10 4 nT/s, find 

t f =0.88 (0.01 m) 2 /1.15xl0 _4 m 2 /s = 0.77 s. 

Required tank height is 

H = t f ■ V = 0.77 sx2.1 m/s =1.6 m. 

* / 2 i 

COMMENTS: If tf is evaluated from the approximate series solution, 0 O = C| exp Fo , we 


obtain tf = 0.76 s. Note that the terminal velocity is not reached immediately. Reduced V implies 
reduced h and increased tf. 



PROBLEM 7.74 


KNOWN: Diameter and initial and final temperatures of copper spheres quenched in an oil bath. 
FIND: (a) Terminal velocity in bath, (b) Bath height. 


SCHEMATIC: 


Oil 

Joo-.ZOOK, 
Cu, D-ZOmm, - 


Q 




l COTJV 


rr £> 3 


1J-360K, T f (0,tf)--320K ^ ^F 9 = (p cu -p) 9 - 6 

ASSUMPTIONS: (1) Sphere descends at terminal velocity, (2) Uniform, but time varying, surface 
temperature. 

PROPERTIES: Table A-l, Copper (350K): p cu =8933 kg/m, k = 398 W/mK, c p = 387 J/kg-K; 
Table A-5, Oil (Too = 300K): p = 884 kg/m , p = 0.486 N s/m 2 , k = 0.145 W/mK, Pr = 6400; (T s = 
340K): p = 0.0531 N-s/m 2 . 

ANALYSIS: (a) Force balance gives Cjy (nD - m] pV“ /2 = ( p cu - p) g tiD 3 16, 


C D V = 


2 4D p cu - p 


g = 


4x0.02 m 8933 -884 „ „ m 


884 


9.8 — = 2.38m /s . 
s 2 


An iterative solution is needed, where Cq is obtained from Fig. 7.8 with 


Re D - 


VD 0.02 m (V) 


(0.486/884) nr/: 


■ = 36.4 V(m/s). 


Convergence is achieved for V = 1.1 m/s < 

for which Rep> = 40 and Cp> = 1.97. Using the Whitaker expression 
=2 + (o.4Re^ 2 +0.06Re5 /3 )pr 0 ' 4 (p/p s ) 1/4 

Nu d =2+|().4 x 40 1/2 + 0.06 x 40 2/3 ) (6400) 0 ' 4 (0.486/0.0531) 1/4 =189.2 

h = Nu D k/D = 189.2x0.145/0.02 = 1357 W/m 2 K. 

To determine applicability of the lumped capacitance method, find Bi = h (r 0 / 3) / k cu = 

1357 W/m 2 K (0.01 m/3)/398 W/m K = 0.011. Hence lumped capacitance method can be used; 
from Eq. 5.5, 

t (pc) eu 7tD /6 gn Tj-T^ 

h 7tD 2 T f _T oo 

8933 kg/m 3 x387 J/kg-K 0.02 m 60 n 
tf =--- in — = 9.33 s. 

1357 W/nU • K 6 20 


Required tank height is H = tf ■ V = 9.33 s x 1.1 m/s = 10.3 m 


< 


COMMENTS: (1) Whitaker correlation has been used well beyond its limits (Pr » 380). Hence 
estimate of h is uncertain. (2) Since terminal velocity is not reached immediately, 

h <1357 W/m 2 -K and t f > 9.33 s. 



PROBLEM 7.75 


KNOWN: Velocity of plasma jet and initial particle velocity in a plasma spray coating process. 
Distance from particle injection to impact. 

FIND: (a) Particle velocity and distance of travel as a function of time. Time-in-flight and particle 
impact velocity, (b) Convection heat transfer coefficient and time required to heat particle to melting 
point and to subsequently melt it. 

SCHEMATIC: 



ASSUMPTIONS: (1) Applicability of Stokes’ law, (2) Constant particle and plasma properties, (3) 
Negligible influence of viscosity ratio in Whitaker correlation, (4) Negligible radiation effects, (5) 
Validity of lumped capacitance approximation. 

ANALYSIS: (a) From Eqs. 7.54 and 7.58, 

C _ 24 _ _24 

° A f (pV 2 /2) Re D PVDp/p 

where V = V — Vp is the relative velocity and A f = 7rD p Ja . Hence, the drag force on the particle is 

Fjy = 3?rpDpV = nip (dV p /dt) = -nip (dV/dt) 

Separating variables and integrating from the nozzle exit, where V p = 0, V = V and t = 0, 
rVdV __3fljuDp , t 
Jv V nip Jo 


V 3?rpDpt 

In — =-— 

V 


Hence, 


V = V exp (-3^pD p t/nip) = V - V p 
Vp(t) = V l-exp(-3^uDpt/nipj 


With Vp = dXp/dt , it follows that 


J^dXp = J tf V l-exp(-3;rpDpt/nip j dt 


< 


Continued... 



PROBLEM 7.75 (Cont.) 


L = Vt f -- 


Vm r 


l-exp(-3^uDptf /nip) 


3^uD p L 

Substituting the prescribed values of D p , L, V and the material properties, the foregoing equations yield 
V p = 166.7 m/s t f = 0.0011s < 


(b) Assuming an average value of V =315 m/s, the Reynolds number is 


315m/sx50xl0 6 m 
ReD =-- , =2.81 

5.6xl0~ 3 m 2 /s 


From the Whitaker correlation, 

N^D = 2 + (0.4 Rej/ 2 + 0.06 Re 2 7 3 ) p r 0 - 4 

Nud = 2 + (o.4x 2.81 1/2 +0.06x2.81 2/3 j(0.60)°' 4 =2.64 

h = 2.64k/D p = 2.64(0.671 W/m - K)/50xl0 _6 m = 35,400w/m 2 ■ K < 


The two-step melting process involves (i) the time ti to heat the particle to its melting point and (ii) the 
time to required to achieve complete melting. Hence, t m = ti + t 2 , where from Eq. 5.5, 


l l 


h = 


PpDp 


A—k-ln 


6h 


T -T 

Aj ioo 

T -T 

A mp A oo 


3970kg/m 3 (50x10 6 m)l560J/kg■ K^ ( 300 -10,000) 


)(35,400w/m 2 ■ k| 

Performing an energy balance for the second step, we obtain 
c t 

L Oconv^t = ^^st = Pp^sf 


(2318-10,000) 


= 3.4x10~ 4 s 


Hence, 


_PpD p 

h sf 

3970 kg/m 3 1 

(50xl0“ 6 m) 

6h | 

(Too — T m p ) 

f 6| 

35,400 w/ m 2 ■ k| 


3.577x10° J/kg , , 4 

x--= 4.4x10 s 


Hence, 


l m 


( 3 - 


4xl0“ 4 +4.4 x10 _4 )s = 7.8x10 _4 s 


and the prescribed value of L is sufficient to insure complete melting before impact. 


COMMENTS: (1) Since Bi = (h Tp /3)/kp ® 0.03, use of the lumped capacitance approach is 
appropriate. 

(2) With Re D = 2.81, conditions are slightly outside the ranges associated with Stokes’ law and the 
Whitaker correlation. 



PROBLEM 7.76 

KNOWN: Diameter, velocity, initial temperature and melting point of molten aluminum droplets. 
Temperature of helium atmosphere. 

FIND: Maximum allowable separation between droplet injector and substrate. 

SCHEMATIC: 




Molten aluminum sphere 

D = 5x1 O' 4 m 

Ti = 1100 K, T f £ 933 K 


^ V = 3 m/s 


ASSUMPTIONS: (1) Lumped capacitance approximation is valid, (2) Constant properties, (3) 
Negligible radiation. 

PROPERTIES: Table A-4, Helium (T^ = 300K) :v = 122xl0“ 6 m 2 /s, p =199xl0 -7 N-s/m 2 , 
k = 0.152 W/m-K, Pr = 0.68. Helium (T s « 1000K): p s = 446x10“ 7 N • s/m 2 . Given, Aluminum: 
p =2500kg/m 3 , c = 1200J/kgK, k = 200W/m-K. 

ANALYSIS: With Re D = VD/v = 3m/s|5xl0 _4 mj/122xl0 6 m“/s = 12.3, the Whitaker correlation 
yields 


h = ^ 
D 


2 + 


(0.4 Re} 7 2 + 0.06 Re 2 7 3 ) Pr 0 4 (n / fi s ) l '' 4 


- 0.152W/mK 

h =- <, 

0.0005m 


2 + 


0.4(12.3) 1/2 +0.06(12.3) //J 1(0.68) 


2/3 


\0.4 


( 199 A 1/4 


v 446 y 


= 975 W /m • K 


The time-of-flight for the droplet to cool from 1100K to 933K may be obtained from Eq. 5.5. 
pV c 0j _ pcD T) -Tqo 

h A s e 6h Tf -Too 


t = 


(2500kg / m 3 ) 1200 J/ kg K (0.0005m) 


In 


6x975 W/m z ■ K 


800 

633 


= 0.06 s 


The maximum separation is therefore 


L = Vxt = 3m/sx0.06s = 0.18m = 180 mm < 

COMMENTS: (l)With Bi = h (D/6)/k = 4x10 4 , the lumped capacitance approximation is 
excellent. (2) With the surroundings assumed to be at T sur = T rx , and a representative emissivity of e 

= 0.1 for molten aluminum, h r < ea (Tj + T^ ) ^T 2 + T 2 j ~ 10 W / m 2 • K « h = 975 W / m 2 • K. Hence, 
radiation is, in fact, negligible. 



PROBLEM 7.77 


KNOWN: Diameter, initial temperature and properties of glass beads suspended in an airstream of 
prescribed temperature. 


FIND: (a) Velocity of airstream, (b) Time required to cool the beads from 477 to 80°C. 


SCHEMATIC: 




V, 1 = 288 K 

ASSUMPTIONS: (1) Lumped capacitance approximation may be used, (2) Constant properties, (3) 
Radiation exchange is with large surroundings at T sur = T,„. 

PROPERTIES: Table A.4 , Air (T. = 288 K): p = 1.21 kg/m 3 , v = 14.8 x 10 6 m 2 /s, p = 179 x 10' 7 
N-s/m 2 , k = 0.0253 W/m-K, Pr = 0.71. 



ANALYSIS: (a) Using Eq. 7.44 with the force balance, F g = F d , 
p g (;rD 3 /6)g = C D (^D 2 A)(pV 2 /2) 

A l/2 ( 


V = 


4 x Pg x gD 
3 p C D 


4 2200 9.8m/s X0.003m 
—x-x--- 


\l/2 


3 1.21 


V 


D 


8.44 

(-A/2 

C D 


Also, 


VD V (0.003 m) 

Re D = —=--- -r-t-r = 202.7V 

v 14.8xl0 _b m 2 /s 


From Fig. 7.8, the foregoing results yield C D ~ 0.4, for which 

V a 13.3 m/s 
and Re D » 2700. 


< 


(b) Applying an energy balance to a control surface about the bead, Eq. 5.15 may be obtained, with Eg = 
0, = 0, A S (- c<r ) =7rD 2 , and V = Kiy > /6 . Hence, 

h(T-T M )+£ g <7(T 4 -T s 4 ur ) 

where h is given by the Whitaker correlation, 

N((d = 2 + (0.4 Re^ 2 + 0.06 Re 2 7 3 ) Pr 0 ' 4 (p /p s f h4 

Using the IHT Lumped Capacitance Model with the appropriate Correlations and Properties Tool Pads, 
the foregoing integration was evaluated numerically, and the following temperature history was obtained. 


PgCg- = -(6/D) 


Continued... 




PROBLEM 7.77 (Cont.) 



The desired temperature of T = 80°C = 353 K is obtained at t = 7s, and at t = 20s the temperature is 
within 1.5°C of ambient conditions. 

COMMENTS: (l)WithBi= (h + h rad )r 0/ /k = (218 + 30) W/nr-K(0.0005 m)/1.4 W/m-K = 0.089 at 

T = 750 K, the lumped capacitance assumption is satisfactory and becomes increasingly better as h rad 
decreases with decreasing T. 

(2) The small bead diameter and large velocity provide a large convection coefficient, which insures 
rapid cooling to the desired temperature. Even at the maximum temperature (T = 750 K), h rad = 30 
W/m“K makes a small contribution to the cooling process. 



PROBLEM 7.78 


KNOWN: Velocity and temperature of combustion gases. Diameter and emissivity of thermocouple 
junction. Combustor temperature. 

FIND: (a) Time to achieve 98% of maximum thermocouple temperature rise, (b) Steady-state 
thermocouple temperature, (c) Effect of gas velocity and thermocouple emissivity on measurement error. 


SCHEMATIC: 


9conv 


1 < V < 25 m/s 
Too = 1000 K 


Qrad 


D = 0.001 m 


T c = 400 K 


ASSUMPTIONS: (1) Validity of lumped capacitance analysis, (2) Constant properties, (3) Negligible 
conduction through lead wires, (4) Radiation exchange between small surface and a large enclosure 
(parts b and c). 

PROPERTIES: Thermocouple (given): 0.1 < 8 < 1.0, k = 100 W/m-K, c = 385 J/kg-K, p = 8920 kg/m 3 ; 
Gases (given): k = 0.05 W/m-K, V = 50 x 10 6 m 2 /s, Pr = 0.69. 


ANALYSIS: (a) If the lumped capacitance analysis may be used, it follows from Equation 5.5 that 
t _ pVc ^ T[ ~To° = Dpc ln ( 50 ) 


HA, 


T-X, 


6h 


Neglecting the viscosity ratio correlation for variable property effects, use of V = 5 m/s with the 
Whitaker correlation yields 

— /— / \ / 1/2 2/2) 04 VD 5m/s(0.001m) 

Nu D =(hD/k) = 2 + (0.4Re i D + 0.06 Ref, jPr Re D = — ; v ’ 


- 0.05 W/m-K 
h = 


2 + 


0.4(l00) 1/2 +0.06(l00) 2/3 )(0.69) 0/ 


50x10 6 m 2 /s 


: 328 W/ m z ■ K 


= 100 


0.001m 

Since Bi = h (r G /3)/k = 5.5 x 10 4 , the lumped capacitance method may be used. Hence, 
0.001m (8920 kg/m 3 ) 3 85 J/kg-K 


t = 


6x328 W/ m z ■ K 


-In (50) = 6.83s 


(b) Performing an energy balance on the junction and evaluating radiation exchange from Equation 1.7, 
qconv = qrad- Hence, with £ = 0.5, 

hA s (Too -T) = eA s cr (t 4 -T 4 ) 

0.5x5.67xl0~ 8 w/ m 2 K 4 
328 w/ m 2 ■ K 

T = 936 K < 

(c) Using the IHT First Law Model for a Solid Sphere with the appropriate Correlation for external flow 
from the Tool Pad, parametric calculations were performed to determine the effects of V and £ g , and the 
following results were obtained. 



(400j 


K 


Continued... 



PROBLEM 7.78 (Cont.) 



-Emissivity, epsilon = 0.5 



Emissivity 

- Velocity, V = 5 m/s 


Since the temperature recorded by the thermocouple junction increases with increasing V and decreasing 
e, the measurement error, - T, decreases with increasing V and decreasing E. The error is due to net 
radiative transfer from the junction (which depresses T) and hence should decrease with decreasing £. 
For a prescribed heat loss, the temperature difference (- T) decreases with decreasing convection 
resistance, and hence with increasing h(V). 

COMMENTS: To infer the actual gas temperature (1000 K) from the measured result (936 K), 
correction would have to be made for radiation exchange with the cold surroundings. 





PROBLEM 7.79 


KNOWN: Diameter, emissivity and temperature of a thermocouple junction exposed to hot gases 
flowing through a duct of prescribed surface temperature. 

FIND: (a) Relative magnitudes of gas and thermocouple temperatures if the duct surface temperature is 
less than the gas temperature, (b) Gas temperature for prescribed conditions, (c) Effect of Velocity and 
emissivity on measurement error. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Junction is diffuse-gray, (3) Duct forms a large 
enclosure about the junction, (4) Negligible heat transfer by conduction through the thermocouple leads, 
(5) Gas properties are those of atmospheric air. 

PROPERTIES: Table A-4 , Air (T g » 650 K, 1 atm): v = 60.21 x 10 6 m 2 /s, k = 0.0497 W/m-K, Pr = 
0.690, |i = 322.5 x 10 7 N-s/m 2 ; Air (T, = 593 K, 1 atm): p = 304 x 10 7 N-s/m 2 . 

ANALYSIS: (a) From an energy balance on the thermocouple junction, q CO nv = C 1 rad • Hence, 

(g-Vj) (j->s) 



If T s < Tj, it follows that Tj < T g . ^ 

(b) Neglecting the variable property correction, (jt/ /Ll s )^ 4 = (322.5/304)' ^ 4 = 1.01 ~ 1.00, and using 



3 m/s (0.002 m) 
60.21xl0~ 6 m 2 /s 


= 100 


the Whitaker correlation for a sphere gives 

E = 0 I 0497W^JC r 2 + r 4 ( 100 )l/2 +0 06 ( 100 )2/3l( 0 69 )0.4| = 163 w / m 2 R 
0.002 m l L J J 

Hence 

(t„ -593k) =-°^--5.67X10 -8 w/m 2 -K 4 r(593K) 4 -(448K) 4 l = 17K 

' 163 W/ m 2 ■ K L J 


Tg = 610K = 337°C. 


< 


(c) With T g fixed at 610 K, the IHT First Law Model was used with the Correlations and Properties Tool 
Pads to compute the measurement error as a function of V and £. 


Continued... 



PROBLEM 7.79 (Cont.) 



Since the convection resistance decreases with increasing V, the junction temperature will approach the 
gas temperature and the measurement error will decrease. Since the depression in the junction 
temperature is due to radiation losses from the junction to the duct wall, a reduction in £ will reduce the 
measurement error. 

COMMENTS: In part (b), calculations could be improved by evaluating properties at 610 K (instead of 
650 K). 




PROBLEM 7.80 


KNOWN: Diameter and emissivity of a thermocouple junction exposed to hot gases of prescribed 
velocity and temperature flowing through a duct of prescribed surface temperature. 

FIND: (a) Thermocouple reading for gas at atmospheric pressure, (b) Thermocouple reading when 
gas pressure is doubled. 


SCHEMATIC: 


ses9 

l^SW s £y=3m/s 

p -latm or Zatm & 


‘C077V 



T- %=200°C 

^Thermocouple Juncfi on } 

Tj,D=O.OOZm, £.-0.6 


ASSUMPTIONS: (1) Steady-state conditions, (2) Junction is diffuse-gray, (3) Duct forms a large 
enclosure about junction, (4) Negligible heat loss by conduction through thermocouple leads, (5) Gas 
properties are those of air, (6) Perfect gas behavior. 

PROPERTIES: Table A-4, Air (T g = 773 K, 1 atm): v = 80.5 x 10’ 6 mis, k = 0.0561 W/mK, Pr = 
0.705. 


ANALYSIS: (a) Performing an energy balance on the junction 

c lconv = C 1 rad 
(g->j) (j—>s) 


hA(T g -Tj)=E<jA(Tj*-T s 4 ). 


Neglecting the variable property correction, (p/p s ) l/4 , and using 
VD 3m/sx0.002m 


Re D - - 6 2" 

v 80.5x10"° m 1 Is 

the Whitaker correlation for a sphere gives, 


:74.5 


r 0.0561 W/m 
h = 


— \l+ 0.4(74.5) 1/2 +0.06(74.5) 2/3 (0.705) 0 ' 4 } = 166 W/m 2 • K. 


0.002 m 

166(773-Tj) = 0.6x5.67xl0 -8 T^ -(473) 
and from a trial-and-error solution, 


Tj » 726 K. 


(b) Assuming all properties other than V to remain constant with a change in pressure, T p by 2 will i V 
by 2 and hence T Rep> by 2, giving Rep> = 149. Hence 


— 0.0561 r 
h =- 2 + 


0.002 

216(773-Tj)= 0.6x5.67x10' 

and from a trial-and-error solution 


1/9 9 /a 

0.4(149) +0.06(149) 


(0.705)°‘ 4 J = 


216 W/m ■ K. 


1-8 


T7 

J 


(473)' 


4 


Tj » 735 K. 

COMMENTS: The thermocouple error will 1 with T h, which T with Tp. 


< 



PROBLEM 7.81 


KNOWN: Velocity and temperature of helium flow over graphite coated uranium oxide pellets. Pellet 
and coating diameters and thermal conductivity. Surface temperature of coating. 

FIND: (a) Rate of heat transfer, (b) Volumetric generation rate in pellet and pellet surface temperature, 
(c) Radial temperature distribution in pellet, (d) Effect of gas velocity on center and surface 
temperatures. 


SCHEMATIC: 


D 0 = 0.012 m 
C^hleliunO 


V - 20 m/s 
Too= 500 K 



D; = 0.01 m 


T s ,o = 1300 K 


k g = 2 W/m-K 
q, k p = 2 W/m-K 


ASSUMPTIONS: (1) One-dimensional, steady conduction in the radial direction, (2) Uniform 
generation, (3) Constant properties, (4) Negligible radiation, (5) Negligible contact resistance. 


PROPERTIES: Table A.4, Helium (T. = 500 K, 1 atm): v = 290 x 10 6 m 2 /s, k = 0.22 W/m-K, Pr = 
0.67, n = 283 x 10 7 N-s/m 2 ; (T s , 0 = 1300 K, with extrapolation): p = 592 x 10 7 N-s/m 2 . 


ANALYSIS: (a) The heat transfer rate is q = hA s (T s 0 -T^ ) , where the convection coefficient can be 

estimated from Nuq = 2 + |o.4ReQ “ + 0.06Re5^ jPr^(/too/p s , where 
VD n 20 m/s x 0.012 m 


Re D = 


Nuq = 2 + 


290x10 6 m 2 /s 
d/2 


= 828 

.2/3 


0.4(828) i7 7 + 0.06(828) /7 J I (0.67) 04 (283/592) i74 = 13.9 


d/4 


h = -Ei^ D . 0 - 22W/m K xB.9.255w/m 2 K. 
D 0 0.012m 


Hence, q = 255 W/m" • Kxn (0.012m)“ (1300-500)K = 92.2 W . 


(b) The volumetric heat rate in the pellet is 
q 6x92.2 W 


q : 


= 1.76x10° W/ m 


TfDj 5 /6 7r(0.01m) 3 

The inner surface temperature of the coating is equal to the pellet surface temperature, 

1 


Ts,i T so — q 


47rk r 




92.2 W 

r i 

1 ^ 


r ° J 

An (2 W/m-K) 

^ 0.005 m 

0.006 m ^ 


= 122.3 K 


T si = 1300 K +122.3 K = 1422 K. 

(c) The heat equation for the spherical pellet reduces to 


kp 

r 2 dr I 
Integrating twice, 

r 2dT = _ 

dr 


2 dT 
r — 
dr 


-q 


3k 


— r 2 + C : 


dT 

dr 


q Cj 

—— r + — 
3k 2 

JKp r 


< 


< 


Continued... 



PROBLEM 7.81 (Cont.) 


T = — 


q 

6k p 


2 


r 



+ C 2 . 


Applying boundary conditions, 

r = 0: dT/dr) r=0 =0 -» 

r - r,: T(rO = T si -» 


C, = 0 

c 2 = T s,i + (q/ 6k p )^ 2 ' 


Hence the temperature distribution is 

T ( r ) = T s,i + (q/ 6k P ) (if - ■ r 2 ) = T (o) ■ - (q/ 6k p) y2 


< 


where the temperature at the pellet center is 


T(0) = T Sii+ (q/6k p ) li 2 . 


For the prescribed conditions, 

T(0) = 1422K + (l.76x 10 8 w/m 3 /6x2 W/m • k)( 0.005m) 2 = 1789K . 

8 / 3 

(d) With q = 1.5x 10 W/m , parametric calculations were performed using the IHT Model for One- 
Dimensional, Steady-State Conduction in a sphere, with the surface condition, 

q*(q ) = (T s j — Too )/Rt i > where the total thermal resistance, R t j = Rj j /^7l\ , is 


Rt,i — Rtcnd + Rtcnv 


(!/ n )- ( lr o) 


47Tk r 


4^Tq h 


The Correlations and Properties Tool Pads were used to evaluate the convection coefficient, and the 
following results were obtained. 



o Center temperature, T(0) 
a Inner surface temperature, Tsi 
—B— Outer surface temperature, Tso 



o Conduction, Rtcnd 
—a— Convection, Rtcnv 


As expected, all temperatures increase with decreasing V, while fixed values of q , and hence q(r;), and 
Rtcnd provide fixed values of (T(0) - T s i ) and (T SJ - T s o ), respectively. 

COMMENTS: In a more detailed analysis, radiation heat transfer, which would decrease the 
temperatures, should be considered. 





PROBLEM 7.82 

KNOWN: Initial temperature, dimensions and properties of chip and solder connectors. Velocity, 
temperature and properties of liquid. 

FIND: (a) Ratio of time constants (chip-to-solder), (b) Chip-to-solder temperature difference after 
0.25s of heating. 

SCHEMATIC: 


Tj 

ASSUMPTIONS: (1) Solder balls and chips are spatially isothermal, (2) Negligible heat transfer 
from sides of chip, (3) Top and bottom surfaces of chip act as flat plates in turbulent parallel flow, (4) 
Heat transfer from solder balls may be approximated as that from an isolated sphere, (5) Constant 
properties. 

PROPERTIES: Given. Dielectric liquid: k = 0.064W/m-K, V = 10 _6 m 2 /s, Pr = 25; Silicon 
chip: k = 150W/mK, p = 2300kg/m 3 , c p =700J/kg ■ K; Solder ball: k = 40W/m K, 
p =10,000kg/m 3 , Cp =150J/kg K. 

ANALYSIS: (a) From Eq. 5.7, the thermal time constant is r t = (p Vc / h A s ). Hence, 

*t.ch = (^ C >chH =3 t (P c ) ch h sld 

T t,sld 2h ch L 2 (pc) sld ^D 3 /6) D (^ c ) s ld h ch 

The convection coefficient for the chip may be obtained from Eq. 7.44, with 
Re L =VL/v =0.2 m/s x0.01m/10 _6 m 2 /s = 2000. 

h ch = Q - Q6 4W/m- K (° o37 )( 2 qoo ) 4/3 (25) l/3 = 302 W/m 2 ■ K 

The convection coefficient for the solder may be obtained from Eq. 7.59, with Re D = VD/v 
= 0.2m/sx0.001m/10 _6 m 2 /s = 200. Neglecting the effect of the viscosity ratio, 

h sld = QQ6 Q 4 ^ 1 /m K { 2 + 0.4(200) 1/2 +0.06(200) 2/3 (25)° 4 |= 1916W/m 2 K 

TT T t,ch J 2300kg/m 3 x700J/kg K 

Tt,sld y 10,000 kg/m 3 xl50J/kg ■ K 

Hence, the solder responds much more quickly to the convective heating. 

(b) From Eq. 5.6, the chip-to-solder temperature difference may be expressed as 




Continued 





PROBLEM 7.82 (Cont.) 


Tch ^sld — (Tj T^) 


exp 


r 2h A 


pet 


/eh 


-exp 


r 6h A 


peD 


Jsld 


Teh T s | c ( 


60°Cs 


exp 


604 W / m 2 ■ K 
---0.25s 

1610J/m 2 ■ K 


-exp 


11,496 W/ m 2 K 
---0.25s > 

1500 J/m 2 K 


T ch -T s id = 60°C{0.910-0.147} = 45.8°C < 

COMMENTS: (1) The foregoing process is used to subject soldered chip connections (a major 
reliability issue) to rapid and intense thermal stresses. (2) Some heat transfer by conduction will 
occur between the chip and solder balls, thereby reducing the temperature difference and thermal 
stress. (3) Constriction of flow between the chip and substrate will reduce h sl( j, as well as h ch at the 
lower surface of the chip, relative to values predicted by the correlations. The corresponding time 
constants would be increased accordingly. (4) With Bi ch = h ch (t/2)/k chi p = 0.001« 1 and 

Bi s id = h sld (D /6)/ l< s | ( j = 0.008 « 1, the lumped capacitance analysis is appropriate for both 
components. 



PROBLEM 7.83 


KNOWN: Conditions associated with Example 7.6, but with reduced longitudinal and transverse 
pitches. 

FIND: (a) Air side convection coefficient, (b) Tube bundle pressure drop, (c) Heat rate. 


SCHEMATIC: 


,Ai r 
V=6 m/s 

T m =15°C 


0^0 


5 r =205»^[^O 


Z. O ~ 

S l _ = 20.5m7a-&* ° 



Tube t V = 16 A mm 
T S = 70 0 C 
N l = 7 j N t =& 


O 


ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform tube surface temperature. 

3 6 2 

PROPERTIES: Table A-4, Atmospheric air (Too = 288 K): p = 1.217 kg/m , v = 14.82 x 10 m. / 
k = 0.0253 W/m-K, Pr = 0.71, c p = 100.7 J/kg-K; (T s = 343 K): Pr = 0.701. 

ANALYSIS: (a) From the tube pitches, find 


s D = 


s l + ( s t /2 )' 


nl/2 r 


(20.5) 2 + (10.25) 2 


-. 1/2 


= 22.91 mm 


(S T +D)/2 = (20.5+ 16.4)/2 =18.45 mm. 

Hence, the maximum velocity occurs on the transverse plane, and 
St _ 20.5 mm 


V 


max 


-V = 


-6 m/s =30 m/s. 


With 


S t -D (20.5-16.4) mm 

_ V max D _ 30 m/s (0.0164 m) 


Re D, 


max 


14.82xl0‘ 6 m 2 / f 


= 3.32x10^ 


and (Sj/Sl) = 1 < 2, it follows from Table 7.7 that 
C = 0.35 m = 0.60. 

Hence, from the Zhukauskas correlation and Table 7.8 (C 2 = 0.95), 


Nu D = (0.95)0.35 Re£° max Pr 0 ' 36 (Pr/Pr s )‘” 

Nu d = (0.95)0.55(3.32 /]0 3 j , f ’ (0.71) 036 (0.71/0.701 ) 1,4 = 152 


— k 

: Nu n — : 
D D 


152x 


0.0253 W/m-K 
0.0164 m 


234 W/m z ■ K. 


(b) From the Zhukauskas relation 

Ap = N L x(^p|f. 

4 

With Rc r) m ax = 3.32 x 10 , Pj = (Sj/D) = 1.25 and (Pj/Pl) = 1, it follows from Fig. 7.14 that 
X ~ 1-02 f ~ 0.38. 


Continued 




PROBLEM 7.83 (Cont.) 

Hence 


1.217 kg/nr (30 m/s) 2 2 

Ap = 7x 1.02---|-— 0.38 = 1490 N/m 2 


Ap =0.0149 bar. 

(c) The air outlet temperature is obtained from 

tx x t 1 TtDNh 
T s- T o =(Ts-Ti)exp 


T s - T 0 = 55°C exp 


pVN t S t c p 

-K (0.0164 m)56(234 W/m 2 ■ k) 


1.217 kg/nr x6 m/s x8x0.0205 mxl007 J/kg ■ K 

v J 


T s -^ =31.4°C 
T 0 =38.5°C. 

The log mean temperature difference is 


AT; - AT n 55-31.4 C 

AT /m = —T i -^T= ^—7-42.1 C 

m in (ATj / AT 0 ) in (55/31.4) 

q' = Nh7tDAT to =56(234 W/m 2 -k)ti (0.0164 m) 42.1°C 


< 


< 


q' = 28.4 kW/m. < 

COMMENTS: Making the tube bank more compact has the desired effect of increasing the 
convection coefficient and therefore the heat transfer rate. However, it has the adverse effect of 
increasing the pressure drop and hence the fan power requirement. Note that the convection 
coefficient increases by a factor of (234/135.6) = 1.73, while the pressure drop increases by a factor of 

_ A X A 

(1490/246) = 6.1. This disparity is a consequence of the fact that h ~ V[ T J iax , while Ap ~ V^ ax . 
Hence any increase in V max , which would result from a more closely spaced arrangement, would 
more adversely affect Ap than favorably affect h. 



PROBLEM 7.84 


KNOWN: Surface temperature and geometry of a tube bank. Velocity and temperature of air in 
cross flow. 


FIND: (a) Total heat transfer, (b) Air flow pressure drop. 

SCHEMATIC: 


c$E> 

V=Sm/s 

T c0 =25°C=T; 


p -latm 





S L =15m 


m 


0 0 • • 

• o< — 

—Tufee, D-10mm 

0 

• 

T s -100°C 

0 

• 

N l -M- rows, Nj =14 fubes/i 

0 

0 

0 0 • • 

'If* 

• 

• 0 

L=l7n,P T =P L =l5 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation, (3) Uniform surface 
temperature. 

PROPERTIES: Table A-4, Atmospheric air (Too = 298 K): v = 15.8 x 10 m /s, k = 0.0263 
W/m-K, Pr = 0.707, c p = 1007 J/kg-K, p = 1.17 kg/m 3 ; (T s = 373 K): Pr = 0.695. 


ANALYSIS: (a) The total heat transfer rate is 


q - hN 7 i DL 


(Ts-TlH^-Tp) 

M(T S -Ti)/(T S -T 0 )] 


= hN7tDL AT, 


to- 


With V„ 


S T y _ 15 111111 5 m / s = 25 m/s, Re D 


S t -D 


5 mm 


15 m/s(0.01 m) 

.max — I ~ 

15.8x10"° m~/s 


=9494. Tables 7.7 


and 7.8 give C = 0.27, m = 0.63 and C 2 ~ 0.99. Hence, from the Zhukauskas correlation 
l D 


Nu =0.99x0.27(9494) 0 ' 63 (0.707)°- 36 (0.707/0.695) 1/4 =75.9 


h = Nu D k/D = 75.9x0.0263 W/m-K/0.01 m = 200W/m -K 


T s -T 0 =(T S -T, )exp 


( — \ 

7tDNh 

= 75°C exp 

( 

JI xO.Ol m xl96x200 W/m 2 • K 

pVN x S T c p ^ 

V 

1.17 kg/m 3 x 5 m/s x 14 x 0.015 m x 1007 J/kg • K ^ 


Hence 


T s -T 0 = 27.7°C. 


q = 200 W/m 2 -Kx 19671 (0.01 m) 1 m 75 C 27 ' 7 C = 58.5 kW. 


in (75/27.7) 

(b) With Re D max = 9494, (P T - 1)/(P L - 1) = 1, Fig. 7.13 yields f = 0.32 and % = 1. Hence, 


Ap = Nx(pvS ax /2)f = 14xl 


1.17 kg/m 3 (15 m/s) 


2 ^ 


0.32 


Ap = 590 N/m 2 = 5.9x10 3 bar. 


COMMENTS: The heat transfer rate would have been substantially overestimated (93.3 kW) if the 
inlet temperature difference (T s - Tj) had been used in lieu of the log-mean temperature difference. 



PROBLEM 7.85 


KNOWN: Surface temperature and geometry of a tube bank. Inlet velocity and inlet and outlet 
temperatures of air in cross flow over the tubes. 

FIND: Number of tube rows needed to achieve the prescribed outlet temperature and corresponding 
pressure of drop of air. 

SCHEMATIC: 



S T = 15 mm 


/- 

Tube, D = 10 mm 



* 

O O • 

• • 

T s =100°C 


-> 


O 

• 

L = 1 m 

Tj = 25°C 


1 

O 

• 

LO 

II 

_l 

CL 

II 

H 

CL 

V = 5 m/s 

-> 


O 

• 

—> 

T 0 = 75°C 

p = 1 atm 

-> 


O 

• 

-> 




O O • 

• * 0 



Sl = 15 mm -w K- 

ASSUMPTIONS: (1) Steady-state, (2) Negligible temperature drop across tube wall and uniform 
outer surface temperature, (3) Constant properties, (4) C 2 ~ 1 ■ 


PROPERTIES: Table A-4, Atmospheric air. (T = (Tj + T 0 )/2 = 323K): p = 1.085kg/m 3 , 

c p =1007J/kg-K, v =18.2xl0 _6 m 2 /s, k = 0.028W/m-K, Pr = 0.707; (T i =298K): p=1.17kg/m 3 ; 
(T s = 373K): Pr s =0.695. 

ANALYSIS: The temperature difference (T s -T) decreases exponentially in the flow direction, and 
at the outlet 


T -T 
1 s 1 o 

T -T 

A s 1 i 


: exp 


f 7tDN l h 3 
pVS T Cp 


where N l = N/N-p. Hence, 
p V S x c n 

N l =- KJ-in >‘ s —(1) 

^Dh [ T s - Tj ) 

With V max =[S x /(S x -D)]V = 15m/s,Re Dmax = V max D/v = 8240. Hence, with S X /S L =1>0.7, 
C = 0.27 and m = 0.63 from Table 7.7, and the Zhukauskas correlation yields 


Nu d =CC 2 Re^ max Pr 0 ' 36 


Pr 


xl/4 


v Pr s; 


= 0.27 x 1 (8240) 0 ' 63 (0.707) 0 ' 36 (0.707 / 0.695) 1 /4 = 70.1 


- k— 0.028 W/m-K 7 

h=—Nu„ =-70.1 = 196.3 W/m 2 K 


D 


'D 


0.01m 


Hence, 


n l =- 


1.17 kg/m 3 (5m/s)0.015m(l007 J / kg • K) 
;r(0.01m)l96.3W/m 2 K 


in 


^ 25 ^ 
75 


= 15.7 


and 16 tube rows should be used Np = 16 < 

With Re D max = 8240, P x = 1.5 and (P x -l)/(P L — 1) = 1, f = 0.35 and %= 1 from Fig. 7.13. Hence, 

1.085kg /m 3 x(l5m/s)“ 


Ap ® N L j^ 


f 2 \ 


PV 2 ax 

f =16 

2 


V 7 

- 


0.35 = 684 N/m* 


COMMENTS: (1) With C 2 = 0.99 for N x = 16 from Table 7.8, assumption 4 is appropriate. (2) 
Note use of the density evaluated at Tj = 298K in Eq. (1). 



PROBLEM 7.86 


KNOWN: Geometry, surface temperature, and air flow conditions associated with a tube bank. 


FIND: Rate of heat transfer per unit length. 

SCHEMATIC: 

S t =20 


Too-700K-Ti 

p-latm . . 

S L =20m m —k—X 


,Flue gas j 
\/-5m/s 


7:0 O 

mm —J 

o 

4> o 
q> o 

o 


<x- 


T 0 


-~Tu be j D-10mm 
T s -~500K 

Nf~ 10 rows t Nf-50 fubes/row 

N=SOO J S L fD=S T fD =2 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation effects, (3) Gas properties are 
approximately those of air. 

PROPERTIES: Table A-4, Air (300K, 1 atm): Pr = 0.707; Table A-4, Air (700K, 1 atm): v = 68.1 
6 2 3 

x 10 nT/s, k = 0.0524 W/m-K, Pr = 0.695, p = 0.498 kg/m , Cp = 1075 J/kg-K. 

ANALYSIS: The rate of heat transfer per unit length of tubes is 


/ 

q = 


hN7iD AT/, m = 


hN7iD 


(Ts-TlH^-Tp) 

M(T s — Ti)/(T S — T 0 )]' 


With V 


max 


S x 20 

-V = — 5 m/s = 10 m/s, Re D 

S T I) 10 


VmaxD 10 m/s xO.01m 
max =--= 1468. 

v 68.1X10' 6 m 2 /s 


Tables 7.7 and 7.8 give C = 0.27, m = 0.63 and C2 = 0.97. Hence from the Zhukauskas correlation, 

m D =CC 2 Reg max Pr 0 ' 36 (Pr/Pr s ) 1/4 =0.26(l468) a63 (0.695)°' 36 (0.695/0.707) 1/4 

— — k — 2 

Nu n =22.4 h = — Nu n = 0.0524 W/m-KX22.4/0.01 m = 117 W/m“ • K. 
u D u 


Hence, 


( T s- T o) = ( T s- T i) ex P 


nDNh 


p VN x S x Cp 


y f 

= -400K exp 


TtxO.Ol mx500xll7 W/m K 
0.498 kg/m 3 (5 m/s)50(0.02 m)l075J/kg • K 


T s -T 0 = -201.3K 


and the heat rate is 


q = (l 17 W/m 2 - k) 50071 (0.01 m) 


(-400 +201.3) K 
In [(-400)/ (-201.3)] 


-532 kW/m 


< 


COMMENTS: (1) There is a significant decrease in the gas temperature as it passes through the 
tube bank. Hence, the heat rate would have been substantially overestimated (- 768 kW) if the inlet 
temperature difference had been used in lieu of the log-mean temperature difference. (2) The negative 
sign implies heat transfer to the water. (3) If the temperature of the water increases substantially, the 

assumption of uniform T s becomes poor. The extent to which the water temperature increases 
depends on the water flow rate. 




PROBLEM 7.87 


KNOWN: An air duct heater consists of an aligned arrangement of electrical heating elements with S L = 
S T = 24 mm, N L = 3 and N T = 4. Atmospheric air with an upstream velocity of 12 m/s and temperature of 
25°C moves in cross flow over the elements with a diameter of 12 mm and length of 250 mm maintained 
at a surface temperature of 350°C. 

FIND: (a) The total heat transfer to the air and the temperature of the air leaving the duct heater, (b) The 
pressure drop across the element bank and the fan power requirement, (c) Compare the average 
convection coefficient obtained in part (a) with the value for an isolated (single) element; explain the 
relative difference between the results; (d) What effect would increasing the longitudinal and transverse 
pitches to 30 mm have on the exit temperature of the air, the total heat rate, and the pressure drop? 

SCHEMATIC: 



T| = 25°C 
V = 12 m/s 


Sy = 24 mm 

./ 


o o d\ 


O O o: 


O O O: 

-> 

O O o i 

S|_ = 24 mm 



Heating elements 
T s = 350°C 
D = 12 mm 
L = 250 mm 

T ° 


N = N L xN T = 12 
N L = 3 
N T = 4 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation effects, (3) Negligible effect of 
change in air temperature across tube bank on air properties. 

PROPERTIES: Table A-4 , Air (T; = 298, 1 atm): p = 1.171 kg/m 3 , c p = 1007 J/kg-K; Air (T m = (Tj + 
T 0 )/2 = 309 K, 1 atm): p = 1.130 kg/m 3 , c p = 1007 J/kg-K, p = 1.89 x 10~ 5 N-s/m 2 , k = 0.02699 W/m-K, 
Pr = 0.7057; Air (T s = 623 K, 1 atm): Pr s = 0.687; Air (T f = (Ti + T 0 )/2 = 461 K, 1 atm): v = 3.373 x 10' 5 
m 2 /s, k = 0.03801 W/m-K, Pr = 0.686. 

ANALYSIS: (a) The total heat transfer to the air is determined from the rate equation, Eq. 7.71, 

q = N (hqyrD AT<? m ) (1) 


where the log mean temperature difference, Eq. 7.69, is 


AT fm 


AziAmPATl 

T s -T 0 / (T s -T 0 ) 


and from the overall energy balance, Eq. 7.70, 
( . t - A 


T -T 
x s 1 o 

T -T- 
x s 


= exp 


7rDNh D 

pVN-pS-pCp 


( 2 ) 


(3) 


The properties p and c p in Eq. (3) are evaluated at the inlet temperature Tj. The average convection 
coefficient using the Zhukaukus correlation, Eq. 7.67 and 7.68, 


n "»=T 


C Rc 


m 


D,max 


Pr 


036 (Pr/Pr s ) 1/4 


(4) 


where C = 0.27, m = 0.63 are determined from Table 7.7 for the aligned configuration with Sj/Sl = 1 > 

3 5 

0.7 and 10 < Rej> max < 10 . All properties except Pr s are evaluated at the arithmetic mean temperature 
T m = (Tj + T 0 )/2. The maximum Reynolds number, Eq. 7.62, is 


Continued 





PROBLEM 7.87 (Cont.) 


R e D,max — P%naxD/jU (5) 

where for the aligned arrangement, the maximum velocity occurs at the transverse plane, Eq. 7.65, 
S T 


V, 


max 


V 


s t -d 

The results of the analyses for Sj = Sl = 24 mm are tabulated below. 


( 6 ) 


V 
(m/s) 


max R e D,max Nu p 


h E> 

(W/m 2 -K) 


AT (m 

(°C) 


q 

(W) 


To 

(°C) 


24 1.723x104 96.2 


216 


314 


7671 


47.6 


(b) The pressure drop across the tube bundle follows from Eq. 7.72, 

Ap = N L j:(pv2 ax /2)f 


(V) 


where the friction factor, f, and correction factor, %, are determined from Fig. 7.13 using Rej> max = 1.723 
x 10 4 , 

f = 0.2 %=1 

Substituting numerical values, 


Ap = 3x1 


1.171 kg/m 3 x(24m/s)^/2 


x0.2 


Ap = 195 N / irr < 

The fan power requirement is 

P = VAp = V N T S T LAp (8) 

P = 12 m/sx4x0.024mx0.250mxl95 N/m 2 

P = 56 W < 

where V is the volumetric flow rate. For this calculation, p in Eq. (7) was evaluated at T m . 

(c) For a single element in cross flow, the average convection coefficient can be estimated using the 
Churchill-Bernstein correlation, Eq. 7.57, 

n 4/5 


— h n D 0.62 Rel/ 2 Pr l/3 

Nu n = —^^- = 0.3+ D 


l + (0.4/Pr) 


2/3 


nil 4 


1 + 


f a 5/8 

1 Rep ^ 

282,000 


(9) 


where all properties are evaluated at the film temperature, Tf = (Tj + T 0 )/2. The results of the calculations 
are 


Re D = 4269 


Nu D1 =33.4 


h D1 =106W/m z K 


Continued 
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— 2 

For the isolated element, j = 106 W / m • K, compared to the average value for the array, 

— 2 

h [ ) =216 W / m • K. Because the first row of the array acts as a turbulence grid, the heat transfer 
coefficient for the second and third rows will be larger than for the first row. Here, the array value is 
twice that for the isolated element. 

(d) The effect of increasing the longitudinal and transverse pitches to 30 mm, should be to reduce the 
outlet temperature, heat rate, and pressure drop. The effect can be explained by recognizing that the 
maximum Reynolds number will be decreased, which in turn will result in lower values for the 
convection coefficient and pressure drop. Repeating the calculations of part (a) for Sl = St = 30 mm, 
find 


Vmax 

(m/s) 

P^D.max 

Nu d 

h D 

(W/m 2 -K) 

AT Vm 

(°C) 

q 

(W) 

T 0 

(°C) 

12 

1.46 x 10 4 

86.7 

193 

317 

6925 

41.3 


and part (b) for the pressure drop and fan power, find 

f =0.18 %=l Ap = 122 N/m 2 P = 44W 



PROBLEM 7.88 


KNOWN: Surface temperature and geometry of a tube bank. Velocity and temperature of air in 
cross-flow. 

FIND: (a) Air outlet temperature, (b) Pressure drop and fan power requirements. 


SCHEMATIC: 


CA^rJ) 

V-lSm/s 

Tco^OOK-T, 


Sj-bOmm 


o o 


3^ 60 mm 


O 

o 

o 

o o 


~Tu.be, D-30mm 
T S =373K 
N l = 10, N r =7, N= 70 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation, (3) Air pressure is 
approximately one atmosphere, (4) Uniform surface temperature. 

PROPERTIES: Table A-4, Air (300 K, 1 atm): p = 1.1614 kg/m 3 , c p = 1007 J/kg-K, v = 15.89 x 
10" 6 m 2 /s, k = 0.0263 W/mK, Pr = 0.707; (373K): Pr = 0.695. 


ANALYSIS: (a) The air temperature increases exponentially, with 


With V n 


^ t f’-r t \ ^DNh 

T o= T s -( T s -Ti)exp ——- . 

[ pVN T S T Cp J 

St „ T 60, ^ m m ^ 

T = =3 ^ ’ Re D,max 

Sp - D 30 s s 


30m/sx0.03m 
-= 56,639. 

15.89x10"° m~ / s 


Tables 7.7 and 7.8 give C = 0.27, m = 0.63 and C 2 = 0.97. Hence from the Zhukauskas correlation, 
Nu D =0.27(0.97) (56,639) 0 ' 63 (0.707)°- 36 (0.707/0.695) 1/4 =229 
h = Nu D k/D = 229 x 0.0263 W/m • K/0.03 m = 201 W/m 2 • K. 

Hence, 


T 0 = 373K-(373-300)K exp - 


n x 0.03 mx 70x 201 W/m z • K 
1.1614 kg/m 3 x 15 m/sx7x0.06 mxl007 J/kg -K 


T 0 = 373K-73Kx0.835 =312K =39°C. < 

(b) With Re D max = 5.66 x K) 4 , P L = 2, (P T - 1)/(P L - 1) = 1, Fig. 7.13 yields f « 0.19 and x = 1. 
Hence, 


Ap= N l x 


.,2 

P V max 


f = 10 


1.1614 kg/m^ x (30 m/s )“ 


0.19= 993 N/m = 0.00993 bar. 


The fan power requirement is 

P =m a 4)/p = pVN x S T L Ap/p =15 m/s x7 x0.06 m xlmx993 N/m 2 =6.26 kW. < 
COMMENTS: The heat rate is 

q =m a Cp (-Tj) = pVN-pSxL c p (T 0 -Tj) 

q =1.1614 kg/m 3 xl5 m/s x7x0.06mxlmxl007 J/kg-K (312-300)K =88.4kW. 



PROBLEM 7.89 


KNOWN: Characteristics of pin fin array used to enhance cooling of electronic components. 
Velocity and temperature of coolant air. 


FIND: (a) Average convection coefficient for array, (b) Total heat rate and air outlet temperature. 


SCHEMATIC: 



p=lafm 


T mi =300K 

V=10m/s 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation, (3) One-dimensional 
conduction in pins, (4) Uniform plate temperature, (5) Plates have a negligible effect on flow over pins, 
(6) Uniform convection coefficient over all surfaces, corresponding to average coefficient for flow 
over a tube bank. 

PROPERTIES: Air (300 K, 1 atm): p = 1.1614 kg/m 3 , Pr = 0.707, c p = 1007 J/kg-K, p = 184.6 x 
-7 

10 kg/s-m, k = 0.0263 W/m-K. Aluminum (given): k = 240 W/m-K. 

ANALYSIS: (a) From the Zhukauskas relation 

nS d =CReg im „ Pr 0 - 36 (Pr„/Pr s ) 1/4 

(Pr„/P % ) 1/4 = 1 V max = AX_ V = jAlO m/s = 20 m/s 


1.164 kg/m x 20 m/sx 0.002 m 

Re D,max =-A-= 2517 

184.6x10 kg/s-m 

From Table 7.7 find C = 0.27 and m = 0.63, hence 
Nu d = 0.27(2517)°' 63 (0.707 )°' 36 =33.1 

- — k 0.0263W/m-K 2 „ ^ 

h^Nu^.— = 33.lx-= 435W/nV-K. < 

D D 0.002 m 

(b) If T s = 350 K is taken to be the temperature of all of the heat transfer surfaces, correction must be 
made for the actual temperature drop along the pins. This is done by introducing the overall surface 

efficiency r) D and replacing hA by hA t r| 0 . Hence, to obtain the air outlet temperature, we use 


T -T 

1 s A) 

T -T 
1 s 1 i 


= exp 


( 7 , A 

hAplo 


mc r 


V 


where 
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A t =N (tiDL) + 2W 2 -2n(tiD 2 m] 


A t =625 (tt x0.002 mxO.l m) +2(0.1 m)~ -2 x625ti (0.002 m)~ /4 = 0.409 m 2 


Af 

Also r) 0 = 1-— (l-T| f ) where r| ( is given by Eq. (3.86). With symmetry about the midplane of 


the pin, qf = M tanh (mL/2). Hence 


/- 


T| f =' 


1/2 


q (hTi Dkji D /4] 0 b tanh(mL/2) tanh(mL/2 ) 


or, with m = 


Of = 


9max 


h7lD/(kJlD 2 /4 
tanh (mL/2) 


h7iD(L/2)0 b 
1/2 


(h/kD) 1/2 L 


T — /1_TN \1 / 2 


= 2 (h/kD) 


mL/2 


f 


m = 2 


435 W/nT -K 
240 W/m- Kx 0.002 m 


\l/2 


V 


= 60.2 m 


-1 


mL/2 = 60.2 m 1 x0.05 m = 3.01 and tanh (mL/2) = 0.995 
0-995 

rif =-= 0.331. 

3.01 

625X7T (0.002 m) (0.1m) 


Hence, r| 0 =1 


(1-0.331) =0.357 


0.409 m 

m = p VLN x S t =1.1614 kg/m 3 (10 m/s) 0.1 m (25) (0.004 m) = 0.116 kg/s. 
Now evaluating the air outlet temperature, 


T -T 

A x o 

T -T 

‘s 'i 


= exp 


( 435 W/m 2 -K xO.409 m 2 x0.357 ^ 


0.116 kg/sx 1007 J/kg -K 
T 0 =T S -0.581(T S -Tj) =350K-0.581(50 K) 


= 0.581 


T 0 =321 K. 


The total heat rate is 


q = mcp (T 0 -Ti) = 0.116 kg/s (1007 J/kg • K)21 K = 2453 W. < 

COMMENTS: (1) The average surface heat flux which can be dissipated by the electronic 
2 2 2 

components is q/2W = 122,650 W/m , or 12.3 W/cm . (2) To check the numerical results, compute 

. AT,-AT 29K-50K 

AT /'m = - ' 7 =-7-T = 38 - 6 K 

ln( AT 0 /ATj) In (29/50) 

Hence q = hA t q 0 AT/ m =435 W/m 2 Kx0.409 m 2 x0.357x38.6 K = 2449 W. 



PROBLEM 7.90 


KNOWN: Dimensions and properties of chip, board and pin fin assembly. Convection conditions for 
chip and board surface. Maximum allowable chip temperature. 

FIND: Effect of design and operating conditions on maximum chip power dissipation. 


SCHEMATIC: 


W= 12.7 mm 


V^I 0 m/s 
T; = 20 °C 


Chip (T c = T s = 75 °C) 
Board ( k b = 1 W/m-K) - 


72 


NX N in-line copper pin 
array (ND 4 9 mm) 


__- R" t c = 10‘ 4 m 2 K/W 

L b = 0.005 m 


7^= 20 °C _, 

h b = 40 W/m 2 K 

ASSUMPTIONS: (1) Uniform chip temperature, (2) One-dimensional conduction in pins, (3) Insulated 
pin tips, (4) Negligible radiation, (5) Uniform convection coefficient over pin and base surfaces. 


PROPERTI E S: Table A.l , copper (T ~ 340 K): k p = 397 W/m-K. Table A.4 , air: properties evaluated 
using IHT Properties Tool Pad. 

ANALYSIS: The chip heat rate may be expressed as 
A c (Tc-Too) 

C [R;,c+(L b /kb) + (l/h b )] 1 

where A c = W 2 and q, is the total heat rate for the fin array. This heat rate must account for the variation 

of the air temperature across the array. Hence, the appropriate driving potential is 

ATj m = [(T c — Tj) — (T c — T 0 )]/ln [(T c — Tj)/(T c — T 0 )] . However, the total surface area must account 

for the finite pin length and the exposed base (prime) surface. Hence, from Eqs. 3.101 and 3.102, with 
ATi m replacing 6 b , 

q t = hA t q 0 AT| m 


where A t = N“Af + Aj,, A^ = A c - N“A p c , A p c = ^D p /4 and 
N 2 A f 


^= 1 -^( 1 -^) 


For an adiabatic tip, Eq. 3.95 yields 
tanh mL„ 

T lf= - r - ~ 

mL n 


/ a /2 

where m = ( 4h/ k p Dp J . The air outlet temperature is given by the expression 


T -T 
x c x o 

T -T 

L c x i 


= exp 


f T-. A 

hA t t? 0 


me. 


Continued... 
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where m = pVWLp and h is obtained from the Zhukauskas correlation, 

N^d = C 2 CRcj5 rnax Pr a36 (Pr/Pr s ) l/4 

The foregoing model, including the convection correlation, was entered from the keyboard into the 
workspace of IHT and used with the Properties Tool Pad to perform the following parametric 
calculations. 



Remaining within the limit ND P < 9 mm, there is clearly considerable benefit associated with increasing 
N from 4 to 6 for D p = 1.5 mm or with increasing D p from 1.5 to 2.25 mm for N = 4. However, the best 
configuration corresponds to N = 6 and D p = 1.5 mm (a larger number of smaller diameter pins), for 
which both A, and h are approximately 50% and 20% larger than values associated with N = 4 and D p = 
2.25 mm. The peak heat rate is q c = 64.5 W for V = 10 m/s, N = 6, and D p = 1.5 mm. 

COMMENTS: (1) The heat rate through the board is only q b = 0.295 W and hence a negligible portion 
of the total heat rate. (2) Values of C = 0.27 and m = 0.63 were used for the entire range of conditions. 
However, Re Dpnax was less than 1000 in the mid to low range of V, for which the correlation was 
therefore used outside its prescribed limits and the results are somewhat approximate. (3) Using the IHT 
solver, the model was implemented in three stages, beginning with (i) the correlation and the Properties 
Tool Pad and sequentially adding (ii) expressions for q, and (T c - T C )/(T C - T,j without T| 0 , and (iii) 
inclusion of T| 0 in the model. Results computed from one calculation were loaded as initial guesses for 
the next calculation. 





PROBLEM 7.91 

KNOWN: Tube geometry and flow conditions for steam condenser. Surface temperature and pressure 
of saturated steam. 

FIND: (a) Coolant outlet temperature, (b) Heat and condensation rates, (c) Effects of reducing 
longitudinal pitch and change in velocity. 

SCHEMATIC: 

|«- *\- S L = 60, 30 mm (N L = 20, 40) 


V - 4 m/s 
T, = 300 K 


c^Steam/^ " 
p = p sa f = 2.455 bars 


O 

O 

o 


o 

o 

o 


o 

o 


S T = 30 mm {N T = 20) 



77 


D = 20 mm, L = 2 m 
T s = 390 K 


ASSUMPTIONS: (1) Steady-state, (2) Negligible radiation, (3) Negligible effect of temperature change 
on air properties, (parts a and b), (4) Applicability of convection correlation outside designated range. 


PROPERTIES: Table A.4 , air (T ; = 300 K): p = 1.16 kg/nT, c p = 1007 J/kg-K, v = 15.89 x 10 6 m7s, k 
= 0.0263 W/m-K, Pr = 0.707. (T, = 390 K): Pr = 0.692. Table A.6, saturated water at 2.455 bars: h fg = 
2.183 x 10 6 J/kg. 

ANALYSIS: (a) From Section 7.6 of the textbook, 


With 


T 0 =T S -(T S -T i )exp 
S x 


;rDNh N 

pVN x S x Cp 


V, 


Re 


30 

V = — 4 m/s = 12 m/s 
S x -D 10 


D,max 


V, T1 .i X D 12 m/s (0.02 m) 


15.89x10 6 m“/s 


= 15,104 


Using the Zhukauskas correlation outside its designated range (S x /S x = 0.5) , Table 7.7 yields C = 0.27 
and m = 0.63. Hence, with C 2 = 1, 

f 0.707 ^ 1/4 


Nu d = CReg, max Pr 0 36 (Pr/Pr s ) 1/4 =0.27(15,104) u ■ o - , (0.707)' 
h = Nu d (k/D) = 103(0.0263 W/m - K/0.02m) = 135 w/m 2 • K 


\0.63, 


0.36 


0.692 


= 103 


T 0 =390K-(90K)exp 


7T 


(0.02 m) 400 ( 


135W/m K 


1.16kg/m 3 (4m/s)20(0.03m) 1007 j/kg• K 


= 363 K 


(b) With q = q' L, 


Continued... 
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where 


q = N(h^DLAT lm ) 


(T s -Ti)-(T s -T 0 ) (90 - 27) K „ „„ 

Aljm =- t ---=- x „„ x — = JZ.Jiv 


In 


f 'T' _ r T' A 

x s x i 

^ T s — T 0 j 


In 


7 90 ^ 

V 27 / 


Hence q = 400(l35 w/m 2 • k)tt (0.02 m) 2m(52.3K) = 355kW 


The condensation rate is 


< 


q 3.55 x10 5 W 

m cond “ 7 “ 7 " 

h fg 2.183x10° j/kg 

(c) For S L = 0.03 m, N L = 40 and N = 800, using IHT with the foregoing model and the Properties Tool 
Pad to evaluate air properties at (T; + T 0 )/2, we obtain 

T 0 =383.6K, ATj m = 31.6C, q = 414kW, m cond = 0.190kg/s < 

As expected, q and m cond increase with increasing N L . However, due to a corresponding increase in T m 

and hence a reduction in ATi m , the increase is not commensurate with the two-fold increase in surface 
area for the tube bank. 



The effect of velocity is shown below. 



Velocity, V(m/s) Velocity, V(m/s) 


The heat rate, and hence condensation rate, is strongly affected by velocity, because in addition to 
increasing h, an increase in V decreases T m and hence increases ATi m . 

COMMENTS: (1) The calculations of part (a) should be repeated with air properties evaluated at (T; + 
T 0 )/2. (2) the condensation rate could be increased significantly by using a water-cooled (larger h), 
rather than an air-cooled, condenser. 





PROBLEM 7.92 

KNOWN: Geometry of air jet impingement on a transistor. Jet temperature and velocity. Maximum 
allowable transistor temperature. 

FIND: Maximum allowable operating power. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Isothermal surface, (3) Bell-shaped nozzle, (4) All 
of the transistor power is dissipated to the jet. 

PROPERTIES: Table A-4, Air (Tf = 323 K, 1 atm): v = 18.2 x 10 " 6 m 2 /s, k = 0.028 W/m-K, Pr = 
0.704. 


ANALYSIS: The maximum power or heat transfer rate by convection is 
Pmax = 9max = h ^) (Ts — T e ) max • 

For a single round nozzle, 

Nil 

= G(r/D,H/D)lj(Re) 


Pr 


0.42 


where D/r = 0.4 and 


With 


D 1 —1.1 (D/r) 1-0.44 

G =- 7 -- —77 -- - 0.4-—-- 0.233. 

r 1 + 0. l( H/D - 6 ) (D/r) l + 0.l(-l)0.4 


VpD (20 m/s) 0.002 m 
Re = —— = -—-— = 2198 

v 18.2x10"° m“ / s 

1/2 

fj = 2Re 1/2 (l+0.005Re 0 ' 55 ) " =2(2198) 1/2 | 1 + 0.005(2198)' 


0.55 


, 1/2 


= 108.7 


Hence h = —Gfj Pr 0 42 = 0,028 W/m ~ K (0.233) (108.7) (0.704 f A2 = 306 W/m 2 K 
D 0.002 m 

Hence P max =^306 W/m 2 K)( 7 t/ 4 )( 0.01 m ) 2 (70°c) =1.68 W. 


COMMENTS: (1) All conditions required for use of the correlation are satisfied. 

(2) Power dissipation may be enhanced by allowing for heat loss through the side and base of the 
transistor. 




PROBLEM 7.93 

KNOWN: Dimensions of heated plate and slot jet array. Jet exit temperature and velocity. Initial 
plate temperature. 

FIND: Initial plate cooling rate. 

SCHEMATIC: 


W =10mm - 100mm ~+\ l=lm 



ASSUMPTIONS: (a) Negligible variation in h along plate, (b) Negligible heat loss from back surface 
of plate, (c) Negligible radiation from front surface of plate. 

PROPERTIES: Table A-l , AISI 304 Stainless steel (1200 K): k = 28.0 W/mK, c p = 640 J/kg-K, p 

3 6 2^ 

= 7900 kg/m ; Table A-4, Air (T f = 800 K): v = 84.9 x 10" m /s, k = 0.0573 W/mK, Pr = 0.709. 

ANALYSIS: Performing an energy balance on a control surface about the plate, 

- , . • . . , , dT^ h(T: —T e ) 

-q C onv = -hAs(T 1 -T e ) = E st = p(A s t) C (dT/dt) — Vl e ' 

dt 


A 


P C„t 


For an array of slot nozzles, 


Nu _ 2 a 3/4 
0.42 - r ’° 


p r u ‘ tz - 3 
where A r = W/S = 0.1 


2Re 


A r / A r q + A r q / A r 


_ i j 2 

A ro =|60+4[(H/2W)-2] 2 J ={60 + 4(64 )}“ 1/2 =0.0563 

V e ( 2W ) 30 m/s (0.02 m) 


2/3 


Re = 


V 


84.9xl0 _6 m 2 /s 


- = 0.0573 W/ m -K 2 3/4 

0.02m 3 


= 7067 

2x7067 
1.776 + 0.563 


2/3 


= 73.2 W/m" • K. 


Hence, 


dT\ 
dt A 


73.2 W/m 2 -K(800 K) 


= 1.45 K/s. 


7900 kg/m J (640 J/kg - K) (0.008 m) 


COMMENTS: (1) Bi = ht/k = (73.2 W/irf K) (0.008 m)/28 W/mK = 0.02 and use of the lumped 
capacitance method is justified. 

(2) Radiation may be significant. 

(3) Conditions required for use of the correlation are satisfied. 






PROBLEM 7.94 


KNOWN: Air at 10 m/s and 15°C is available for cooling hot plastic plate. An array of slotted 
nozzles with prescribed width, pitch and nozzle-to-plate separation. 

FIND: (a) Improvement in cooling rate achieved using the slotted nozzle arrangement in place of 
turbulent air in parallel flow over the plate, (b) Change in heat rates if air velocities were doubled, (c) 
Air mass rate requirement for the slotted nozzle arrangement. 


SCHEMATIC: 


<2^ 

t m =is 0 c 

u^lOm/s 


c 


7777777777) 


|*- I* 6 S-S6mm 

0.5m x 0.5m « 7 > */>„ +1 

C-7 Z=1S C \f e -10mls H-4i 
r%--140°C . i 

>77777777777) Slotted nozzle arrangement 


40mm 

k 


ASSUMPTIONS: (1) Steady-state conditions, (2) For parallel flow over plate, flow is turbulent, (3) 
Negligible radiation effects. 

PROPERTIES: Table A-4, Air (T f = (140 + 15)°C/2 = 350 K, 1 atm): p = 0.995 kg/m , v = 20.92 x 
6 2 3 

10" nT/s, k = 30.3 x 10" W/m-K, Pr = 0.700. 

ANALYSIS: (a) For turbulent flow over the plate of length L with 

R e L = iA = tOm/ExO-Sm = 2 390xl0 5 

v 20.92x10"° /s 

using the turbulent flow correlation, find 


Nul =^ = 0.037Re 4/5 Pr 173 = 0.037 (2.390xl0 5 ) 4/5 (0.700 ) 113 = 659.6 

h = NuLk/L = 659.6x0.030 W/m- K/0.5 m = 39.6 W/m 2 ■ K. 

For an array of slot nozzles, 

n 2/3 


k 3 ’ 


2Re 


^■r I ^r,o + ^r,o I \ 


Pr 


0.42 


where 


VpDr, 10 m/s ( 2x 0.004 m) 

Re = ——— =--- t— 7 :—- = 3824 


v 


20.92xl0" 6 m 2 / s 
- 1/2 


A r ,o ={60 + 4[(H/2W)-2] 2 } =|60 +4 [40/2x4-2] 2 } 

A r = W/S = 4 mm/56 mm = 0.0714 

2x3824 


- 1/2 


= 0.1021 


Nu=2(0.1021) 3/4 


0.0714/0.1021 + 0.1021/0.0714 


2/3 


(0.700)°‘ 42 = 24.3 


h = Nuk/D h = 24.3x 0.030 W/m-K/2x 0.004 m = 91.1 W/trr ■ K. 


Continued 





PROBLEM 7.94 (Cont.) 

The improvement in heat rate with the slot nozzles (sn) over the flat plate (fp) is 

qk j> 91.1W/m 2 K 23 < 

q'ip hjp 39.6W/m 2 K 

(b) If the air velocities were doubled for each arrangement in part (a), the heat transfer coefficients are 
affected as 

kn-Re 273 h fp ~Re 4/5 . 

Hence 


bn=2.3 

h fp 



2 . 1 . 


< 


That is, comparative advantage of the slot nozzle over the flat plate decreases with increasing velocity, 
(c) The mass rate of air flow through the array of slot nozzles is 

m = pNA c e =0.995kg/m^x9 (0.5 mx0.004 m)10m/s =0.179kg/s 

where the number of slots is determined as 


N = L/S = 0.5m/0.056 m = 8.9 - 9. 


< 


COMMENTS: Note, for the slot nozzle, the hydraulic diameter is Dh = 2W and the relative nozzle 
area (A c e /A cc ||) is A r = W/S. 



PROBLEM 7.95 


KNOWN: Air jet velocity and temperature of 10 m/s and 15°C, respectively, for cooling hot plastic 
plate.. 


FIND: Design of optimal round nozzle array. Compare cooling rate with results for a slot nozzle array 
and flow over a flat plate. Discuss features associated with these three methods relevant to selecting 
one for this application. 


SCHEMATIC: 


■p ^ 

v J C.F 




H 

.i- 


-T e --15°C } 14 =10 m/s 

mnmmnzzmznznznzh ^-Piate, t $ =mo°c } o. 5 m x asm 

Round nozzle array (in-line or staggered) 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation effects. 


PROPERTIES: Table A-4, Air (T f = (140 + 15)°C/2 = 350 K, 1 atm): p = 0.995 kg/m 3 , v = 20.92 x 
6 2 3 

10"'m Is, k = 30.0 x 10" W/mK, Pr = 0.700. 


ANALYSIS: To design an optimal array of round nozzles, we require that D| 1() p ~ 0.2H and S 0 p 
1.4H. Choose H = 40 mm, the nozzle-to-plate separation, hence 

Dhop = D = 0.2x40 mm = 8 mm S Q p = 1.4x40 mm = 56 mm. 

For an array of round nozzles, 

Nu = K(A r ,H/D) • G(A r ,H/D) • Fj (Re) • Pr 0 ' 42 


where for an in-line array, see Fig. 7.17, 
ttD 2 7 t( 8 mm)“ 


A r =- 


= 0.0160 


K = 


4S 4(56 mm)~ 

1-0.05 


1 + 


( 

H/D 

v 0.6/AJ /2 J 


1 + 


40/8 


A 6 


0.6/0.0160 


1/2 


G = 2A 


1/2 


1 - 2.2A r 


1+ 0.2(H/D- 6 ) A 


1/2 

r 


= 2x0.0160 


1/2 


-0.05 

= 0.9577 

1-2.2x0.0160 


1+0.2(40/8-6)0.0160 


1/2 


G =0.2504 


Fo =0.5Re 2/3 =0.5 


^ 10 m/s x0.008 m 


20.92xl0" 6 m 2 /s 

The average heat transfer coefficient for the optimal in-line (op, il) array of round nozzles is, 

0.030 W/m-K _ __,_m 42 


V * 


= 122 . 2 . 


J 


hop.il Nu ^^h.op 


h op ii = 94.6 W/nC • K. 


0.008 m 


-x 


0.9577 x 0.2504x 122.2 (0.700) 1 


Continued 




PROBLEM 7.95 (Cont.) 

If an optimal staggered (op,s) array were used, see Fig. 7.17, with 

A r = ^ = »x(8mm)- g; 

2(3) 1/2 S 2 2(3) 1/2 (56mm) 2 

find K = 0.9447, G = 0.2632, Fz = 122.2 and h op s = 100.0 W/m 2 K. 

Using the previous results for parallel flow (pf) and the slot nozzle (sn) array, the heat rates, which 
are proportional to the average convection coefficients, can be compared. 


Arrangement 

Flat plate 
(fp) 

Slot nozzle 
(sn) 

Optimal round nozzle (op) 
In-line (il) Staggered (s) 

h, W/m 2 ■ K 

39.6 

91.1 

94.6 

100.0 

h/hf p 

1.0 

2.30 

2.39 

2.53 

m, kg/s 

— 

0.199 

0.040 

0.046 


For these flow conditions, we conclude that there is only slightly improved performance associated with 
using the round nozzles. As expected, the staggered array is better than the in-line arrangement, 

since the former has a higher area ratio (A r ). The air flow requirements for the round nozzle arrays 
are 


m — pNA c e V e — p (A s / A ce ]]) A c e V e — pA r A s V e 

where N = A s /A ce p is the number of nozzles and A s is the area of the plate to be cooled. Substituting 
numerical values, find 

m 0 p,ii = 0.995 kg/m^ x0.016o|o.5x0.5 m 2 jxlO m/s = 0.040 kg/s 

m 0 p, s =0.995 kg/m^x0.0185|o.5x0.5 m 2 jxlO m/s =0.046 kg/s. 

For this application, selection of a nozzle arrangement should be based upon air flow requirements 
(round nozzles have considerable advantage) and costs associated with fabrication of the arrays (slot 
nozzle may be easier to form from sheet metal). 



PROBLEM 7.96 


KNOWN: Exit diameter of plasma generator and radius of jet impingement surface. Temperature and 
velocity of plasma jet. Temperature of impingement surface. Droplet deposition rate. 

FIND: Rate of heat transfer to substrate due to convection and release of latent heat. 


SCHEMATIC: 


Droplets 

H= 100 mm m" = 0.02 kg/s-m 2 

h sf = 3.577 xIO 6 J/kg 

I M 

Substrate 
T s = 300 K 



D = 10 mm 
Plasma jet 

V e = 400 m/s, T e = 10.000 K 
k = 0.671 VV/m-K, v =5.6 x 10' 3 m 2 /s 
Pr= 0.60 

r = 25 mm 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation, (3) Negligible sensible energy 
change due to cooling of droplets to T s . 


ANALYSIS: The total heat rate to the substrate is due to convection from the jet and release of the 
latent heat of fusion due to solidification, q = q conv + qi at . With Re = V e D/v = (400 m/s)0.01 m/5.6 x 10 3 
m 2 /s = 714, D/r = 0.4, and H/D = 10, F! = 2Re 1/2 (l + 0.005 Re a55 ) 1/2 = 58.2 and G = (D/r)(l - l.lD/r)/[l + 
0.1(H/D - 6)D/r] = 0.193, the correlation for a single round nozzle (Chapter 7.7) yields 

Nu = GFj Pr 0 ' 42 = 0.193 (58.2)(o.60 0 - 42 ) = 9.07 


h = Nu(k/D) = 9.07(0.671 W/m- K/O.Olm) = 6.09w/m 2 ■ K 

Hence, 

q = hA s (T e -T s ) = 609 w/m 2 ■ Kxtt (0.025 m) 2 (10,000-300)K = 11,600 W < 

The release of latent heat is 

qiat = A s thph sf =n (0.025m) 2 (o.02kg/s-m 2 )3.577xl0 6 J/kg = 140W < 


COMMENTS: (1) The large plasma temperature renders heat transfer due to droplet deposition 
negligible compared to convection from the plasma. (2) Note that Re = 714 is outside the range of 
applicability of the correlation, which has therefore been used as an approximation to actual conditions. 



PROBLEM 7.97 


KNOWN: A round nozzle with a diameter of 1 mm located a distance of 2 mm from the surface 
mount area with a diameter of 2.5 mm; air jet has a velocity of 70 m/s and a temperature of 400°C. 

FIND: (a) Estimate the average convection coefficient over the area of the surface mount, (b) 
Estimate the time required for the surface mount region on the PCB, modeled as a semi-infinite 
medium initially at 25°C, to reach 183°C; (c) Calculate and plot the surface temperature of the surface 
mount region for air jet temperatures of 400, 500 and 600°C as a function time for 0 < t < 40 s. 
Comment on the outcome of your study, the appropriateness of the assumptions, and the feasibility of 
using the jet for a soldering application. 

SCHEMATIC: 


D = 1 mm 


H = 2 mm 



T e = 400°C, V e = 70 m/s, 

Surface-mount region (Solder joint) 
Printed-circuit board (PCB) 


ASSUMPTIONS: (1) Air jet is a single round nozzle, (2) Uniform temperature over the PCB surface, 
and (3) Surface mount region can be modeled as a one-dimensional semiinfinite medium. 

PROPERTIES: Table A-4, Air (T f = 486 K, 1 atm): v = 3.693 x 10' 6 m7s, k = 0.03971 W/m-K, Pr = 
0.685; Solder (given): p = 8333 kg/m 3 , c p = 188 J/kg-K, and k = 51 W/m-K; eutectic temperature, T so i 
= 183°C; PCB (given): glass transition temperature, T g i = 250°C. 

ANALYSIS: For a single round nozzle, from the correlation of Eqs. 7.79, 7.80 and 7.81b, estimate 
the convection coefficient, 


where 


Nu 


Pr 


0.42 


G 


^ r H ^ 

D’D 


Fj (Re) Nu= Y" 


Fj = 2Re 172 |l +0.005 Re 0 55 ) 172 


G = 2 A 


1/2 


1-2.2 A 


1/2 


1 + 0.2(H/D -6) A). 


1/2 


(L2) 

(3) 

(4) 


A r =D 2 /4r 2 


(5) 


The Reynolds number is based on the jet diameter and velocity at the nozzle, 

Rejy = V e D / v 


( 6 ) 


and r G is the radius of the region over which the average coefficient is being evaluated. The 
thermophysical properties are evaluated at the film temperature, Tf = (T e + T s )/2. The results of the 
calculation are tabulated below. 


Continued 





Re 

1895 


Fi 

99.94 


PROBLEM 7.97 (Cont.) 


G 

0.2667 


A r Nu h (W/m 2 -K) 

0.04 22.73 903 


Consider the surface mount region as a semi-infinite medium, with solder properties, initially at a 
uniform temperature of 25°C, that experiences sudden exposure to the convection process with the air 


jet at a temperature Too = 400°C and the convection coefficient as found in part (a). The surface 
temperature, T(0,t), is determined from Case 3, Fig. 5.7 and Eq. 5.60, 


T(0,t)-Ti 


T -T 

Aqo 


= - exp 


f. 2 5 

h at 


x erfc 


'h(at) 1/2 ^ 


' > \ ) 

where a = k/pc p . With Tj = 25°C and T„ = T e , by trial-and-error, or by using the appropriate IHT 
model, find 


(7) 


T(0,t o ) = 183°C t Q = 31.9 s < 

(c) Using the foregoing relations in IHT , the surface temperature T(0,t) is calculated and plotted for jet 
air temperatures of 400, 500 and 600°C for 0 < t < 40 s. 



Te = 400 C 
Te = 500 C 
Te = 600 C 

Tsoi = 183 C, solder temperature 
Tgl = 250 C, glass transition 


The effect of increasing the jet air temperature is to reduce the time for the surface 
temperature to reach the solder temperature of 183°C. With the 600°C air jet, it takes about 
10 s to reach the solder temperature, and the glass transition temperature is achieved in 27 s. 
The analysis represents a first-order model giving approximate results only. While the 
estimates for the average convection coefficients are reasonable, modeling the surface 
mount region as a semi-infinite medium is an over simplification. The region is of limited 
extent on the PCB, which is thin and also a poor approximation to an infinite medium. 
However, the model has provided insight into the conditions under which an air jet could be 
used for a soldering operation. 

COMMENTS: (1) Note that for our application, the round nozzle correlation of part (a) 
meets the ranges of validity. 

(2) The jet convection coefficient is not strongly dependent upon the air temperature. 

Values for 400, 500, and 600°C, respectively, are 903, 889, and 876 W/m~ K. 




PROBLEM 7.98 

KNOWN: Diameter and properties of aluminum spheres used in packed bed. Porosity of bed and 
velocity and temperature of inlet air. 

FIND: Time for sphere to acquire 90% of maximum possible thermal energy. 

SCHEMATIC: 



T gJ = 300°C 
V = 1 m/s 



ASSUMPTIONS: (1) Negligible heat transfer to or from a sphere by radiation or conduction due to 
contact with other spheres, (2) Validity of lumped capacitance method, (3) Constant properties. 

PROPERTIES : Prescribed, Aluminum: p = 2700 kg / m 3 , c = 950 J / kg ■ K, k = 240 W / m • K. Table 

A-4, Air (573K): p a =0.609kg/m 3 , c p a = 1045J/kgK, v = 48.8xl0" 6 m 2 /s, k a = 0.0453W/m■ K, 
Pr = 0.684. 


ANALYSIS: From Eqs. 5.7 and 5.8a, achievement of 90% of the maximum possible thermal energy 
storage corresponds to 


Q 


pc V0j 


= 0.9 = 1-exp 


f t' 


v Tt J 


= 1 - exp 


where the convection coefficient is given by 


hA s P 

pVc 


£ j H =£StPr 2/3 =£ 


Pa^ c p,a 


Pr 


2/3 


= Re 


-0.575 

D 


With Re D = VD/v = Im/sx0.075m/48.8xl0 6 m 2 /s = 1537, 

r-_ 0.609kg/m 3 xlm/sxl045 J/kg-K _ 2 v 

0— 2/2 a C 7 C — 30.2 W/m K 

0.4(0.684) //3 (1537) UO ° 

Hence, with A s / V = 6 / D, 

pcD ( 2700kg/m 3 x950J/kg Kx0.075mx2.30 

6h 6x30.2W/m 2 ■ K 


COMMENTS: (1) With Bi = h (D / 6 )/ k = 0 . 002 , the spheres are spatially isothermal and the 

lumped capacitance approximation is excellent. (2) Before the packed bed becomes fully charged, the 
temperature of the air decreases as it passes through the bed. Hence, the time required for a sphere to 
reach a prescribed state of thermal energy storage increases with increasing distance from the bed 
inlet. 
















PROBLEM 7.99 


KNOWN: Overall dimensions of a packed bed of rocks. Rock diameter and thermophysical 
properties. Initial temperature of rock and bed porosity. Flow rate and upstream temperature of 
atmospheric air passing through the pile. 

FIND: Rate of heat transfer to pile. 


SCHEMATIC: 


C 


777 


a -1 kgfs 

T 9 j-WC 


k-c/x —>| 



" Rocks, S.-0/fZ 
Dr^a05mJ^5°C 
—f> p~Z500kg!m 3 , 

~X c. ? --879Jlk S K 
Ta.o 


ASSUMPTIONS: (1) Rocks are spherical and at a uniform temperature, (2) Steady-state conditions. 

PROPERTIES: Table A-4, Atmospheric air (Too = 363K): v = 22.35 x 10 ^ nT/s, k = 0.031 W/m-K, 
Pr = 0.70, p = 0.963 kg/m , c p = 1010 J/kg-K. 

ANALYSIS: The heat transfer rate may be expressed as q = hA p t AT^ m where the total surface 
area of the rocks is 


A p ,t = V r ^^=(l-e) 

7l Dj /6 


f 


71 Df 


V 


D„ 


(1-0.42) (nl m 2 /4x2m)6/0.03 m = 182.2 m 2 . 


The upstream velocity and Reynolds number are 


V = - 


4x1 kg/s 


pTtD^/4 |o. 963 kg/m 3 j 7t lm 2 
From Section 7.8, it follows that 

e]h = eStPr 2/3 =e—-—Pr 2/3 = 2.06 Re^ 0 ' 575 

PVCp 

— _ 2^06^ p v R e -0.575 p r _2/3 

e v 


. .. , VD r 1.32 m/sx0.03 m 

= 1.32 m/s Re D =- L =- : --— = 1772. 


v 22.35 x 10" 6 m 2 /s 


2.06 


h = 0.963 kg/m 3 xl .32 m/s xlOlOJ/kg • K (I772r 0 - 575 (0.70) _z/ 3 = 108 W/n/ • K. 

0.42 


2/3 


The appropriate form of the mean temperature difference, AT^ m , may be obtained by performing an 
energy balance on a differential control volume about the rock. That is, 
m a c p T a -m a c p (T a +dT a )-dq r =0 

where dq r = hA p t dx (T a -T s ) and A p t is the rock surface area per unit length of bed. Hence 


m a c p dT a = -hA p t dx (T a -T s ) 


dT a 

dx 



m a c p 


(T a -T s ). 
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PROBLEM 7.99 (cont.) 

Integrating between inlet and outlet, it follows that 


With 

it follows that 


— T s ) 

° _ hA p,t 

T , — 

hA p,t 

T -T 

A a,o A s _ 

^^p.t 

1 m a c p 

4) ~ 

m a cp 

i 

1 

b? 

rh a c p 

q=m a c p (T a i - 

T a,o) 

= m a c p [ 

1 

o 

1 

1 

- T s)] 


where 


(^a,i T s ) (T ao T s ) ^ 

^ 1 ’' , fa[(T a . i -T s )/(T a . 0 -T s )] = 

AT _ (T a ,i-T s )-(T a , 0 -T s ) 

A1 lm - 


ln[(T a4 -T s )/(T a;0 -T s )]' 

The air outlet temperature may be obtained from the requirement 


T -T 

1 a,o A s 

T ■ -T 

A a,i 


= exp 


f hAp.t 1 



= exp 

3 

P 

O 

V 


108W/m 2 Kx 182.2 m 2 ^ 


1 kg/sxlOlO J/kg-K 


= 3.46x10' 


J 


T ao = 25“C+ 65 u C|3.46xl0" 9 ) = 25°C+ 2.25xl0" 7 U C 


T «T = 25 C 
1 a,o u ■ 


Hence 


and 


ATfm = ^‘c-2.25 x nr 7 c = 334 » c 


fnl 65°C/2.25xl0" 7 °C 


q = 108W/m 2 • K f 182.2 m 2 ) 3.34°C = 65.7 kW. 


COMMENTS: (1) The above result may be checked from the requirement that q = 
m a c p (T ai — T ao ) = 1 kg/sx 1010 J/kg -Kx65°C = 65.7 kW. 

(2) The heat rate would be grossly overpredicted by using a rate equation of the form 
q = hAp t — T s ). 

(3) The foregoing results are reasonable during the 
early stages of the heating process; however q would 
decrease with increasing time as the temperature 
of the rock increases. The axial temperature distribution 
of the rock in the pile would be as shown for different 
times. 




PROBLEM 7.100 


KNOWN: Dimensions of packed bed of graphite-coated uranium oxide fuel elements. Volumetric 
generation rate in uranium oxide and upstream velocity and temperature of helium passing through the 
bed. 

FIND: (a) Mean temperature of helium leaving bed, (b) Maximum temperature of uranium oxide. 


SCHEMATIC: 


\< - L=0.^>m- 


\ Hel'unn) _ 

V=20mjs 

T m : = 400K 


£=0.4 


'D= 0.1 m 


Graphite ~ 

Ts.o -<| 

S-0.001m' 


-Uranium oxide 

<2=4xl0 7 W/m3 

i-T s , 

— Dp- 0.01 m 


ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible kinetic and 
potential energy changes, (4) Negligible longitudinal conduction in bed, (5) Bed is insulated from 
surroundings, (6) One-dimensional conduction in pellets. 

PROPERTIES: Helium (given): p = 0.089 kg/nf*, Cp = 5193 J/kg-K, k = 0.236 W/m-K, p = 3 x 10 ^ 
kg/s-m, Pr = 0.66; Graphite (given): k = 2 W/m-K; Uranium oxide (given): k = 2 W/m-K. 

ANALYSIS: (a) From an energy balance for the entire packed bed 

q =hiCp (T m 0 — T m j j 

where the heat rate is due to volumetric generation in the pellets. 
q=q-V p =q(7tD 2 /4)L(l-£)[D p /(D p + 25)] 3 

q =4xl0 7 W/m 3 (7t/4)(0.1 m) 2 (0.3 m)(0.6)(0.010/0.012) 3 
q =4xl0 7 W/m 3 (8.181x10^ m 3 ) = 3.272xl0 4 W. 





PROBLEM 7.100 (Cont.) 


Applying boundary conditions: 

atr=0 dT/dr| r=0 =0 


Ci =0 


at r = rj T( ri ) = T si 


Ct = T s j + —r 2 

’ 6k 


T(r)=T s 4 +^(rr-r 2 

6k 


t(o)=t s4 + 


qDp 

24k 


For one-dimensional conduction in a spherical shell, 


T • = T + 
A s,i 1 s,o 


q P 


4;tk 


1 1 


where 


T = T + 

A S,0 A o 


q P 


hn (I}, + 28 J 

q„ = q( tcD p / 6) = 4xl0 7 W/m 3 (7t/6)(0.010m) 3 =20.9 W. 


The convection coefficient may be obtained from 
e = 2.06Re D 0 ' 575 


with 


Re D = VD/v =30m/s(0.012 m)x0.089 kg/m J /3xl0 5 kg/s-m = 1068. 


Hence 


K= pVcp Rep 


-0.575 


Pr 


2/3 


-x2.06 


h = °- 089t g ,m ' x30m/ S x5193J/kg K x2 ()6( j 068) -0.575 /(0 66) 2/3 _ w/m 2 . K 
Evaluating the temperatures, 


T SO = 700K + 


T si = 727K+- 


20.9 W 


1709 W/m 2 K 7t (0.012 m) 


= 727 K 


20.9 W 


1 


1 ^ 


v 0.005 m 0.006 m j 


4;tx2 W/m-K 

, , 4xl0 7 W/m 3 (O.Ol) 2 

T(0) =755 K +- : -—-— = 838 K 


= 755 K 


24x2 W/m-K 

COMMENTS: The prescribed conditions provide for operation well below the melting point of 
uranium oxide. Hence q could be substantially increased to achieve a higher helium outlet 
temperature. 



PROBLEM 7.101 


KNOWN: Diameter and properties of phase-change material. Dimensions of cylindrical vessel and 
porosity of packed bed. Inlet temperature and velocity of air. 

FIND: (a) Outlet temperature of air and rate of melting, (b) Effect of inlet velocity and capsule 
diameter on outlet temperature, (c) Location at which complete melting of PCM is first to occur and 
subsequent variation of outlet temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible thickness (and thermal resistance) of capsule shell, (2) All capsules 
are at T mp , (3) Constant properties, (4) Negligible heat transfer from surroundings to vessel. 

PROPERTIES: Prescribed, PCM: T mp = 4°C, p = 1200kg/m 3 , h sf = 165kJ/kg. Table A-4, Air 

(Assume (Tj +T Q )/2 = 17°C = 290K) : p a = 1.208kg/m 3 , c p = 1007 J /kg • K, v = 15.00 xl0“ 6 m 2 /s, 

Pr = 0.71. 


ANALYSIS: (a) For a packed bed (Section 7.8), the outlet temperature is given by 


hA 


P.t 


To - Tinp (Tmp Tjjexp 

[ Pa VA c,b c p , 

where A c b = 7 tD 2 /4 = n (o.40m 2 j/4 = 0.126m 2 and A p t = (l-e)(V v / V c )(;rD 2 j = (l-e) 

(l.57T L V D 2 /D c j = 0.5 (l.57T x0.4m 3 /0.05m j = 3.02m 2 . With Re D = VD C /v = lm/sx0.05m/15.00 

_x ^ 

xlO m“ Is = 3333, the convection correlation for a packed bed yields 


£ Jh =eSt Pr 2/3 = £ 


h Pr 2/3 =2.06Re-°- 575 


PaV c 


2.06 p a V c p 2.06 x 1.208 kg/mxlm/sxl 007 J/kg•K enA „ TI 2„ 

h =--— =-= 59.4W/m K 


£Pr 2/3 Re?i 575 


0.5(0.7l) 2/3 (3333) 0 - 575 


Hence, 


T 0 =4°C + (21°C)e X p 


59.4 W/m 2 -Kx3.02m 2 


1.208kg/m 3 xlm/sx0.126m 2 xl007J/kg-K 


= 10.5°C < 


V *-."-- --* " J 

The rate at which PCM in the vessel changes from the solid to liquid state, M (kg /s), may be 

obtained from an energy balance that equates the total rate of heat transfer to the capsules to the rate 
of increase in latent energy of the PCM. That is 


q = dt ( Mhsf ) = hsf ^ 


Continued 



















PROBLEM 7.101 (Cont.) 

where M is the total mass of PCM and 


q = -h A 


P4 


(^mp Ti) (T m p T 0 j 


2 -14.5°C 


in 


^ r T - ' rp ^ 

— •“ T V / JLJLJ. IV u 111 

( -21 

1 rnp — M 

in 


T -T 
A mp A o J 


l -6-5 J 


2220 W 


Hence, M = q/h sf = 2220 W /165,000 J/kg =0.0134kg/s 

(b) The effect of the inlet velocity and capsule diameter are shown below. 



Inlet velocity, V(m/s) 


Capsule diam eter, Dc(m) 


Despite the reduction in h with decreasing V, the reduction in the mass flow rate of air through the 
vessel and the corresponding increase in the residence time of air in the vessel allow it to more closely 
achieve thermal equilibrium with the capsules before it leaves the vessel. Hence, T 0 decreases with 
decreasing V, approaching T mp in the limit V —> 0. Of course, the production of chilled air in kg/s 
decreases accordingly. With decreasing capsule diameter, there is an increase in the number of 
capsules in the vessel and in the total surface area A p>t for heat transfer from the air. Hence, the heat 
rate increases with decreasing D c and the outlet temperature of the air decreases. 

(c) Because the temperature of the air decreases as it moves through the vessel, heat rates to the 
capsules are largest and smallest at the entrance and exit, respectively, of the vessel. Hence, complete 
melting will first occur in capsules at the entrance. After complete melting begins to occur in the 
capsules, progressing downstream with increasing time, heat transfer from the air will increase the 
temperatures of the capsules, thereby decreasing the heat rate. With decreasing heat rate, the outlet 
temperature will increase, approaching the inlet temperature after melting has occurred in all capsules 
and they achieve thermal equilibrium with the inlet air. 

COMMENTS: (1) The estimate of To used to evaluate the properties of air was good, and iteration 
of the solution is not necessary. (2) The total mass of phase change material in the vessel is M = N c 

p V c = [(l-e)v v / V c ]p v c = (1 - £ )p L v D; / 4 ) = (^ / 4)0.5x 1200kg/ m 3 (0.4m) 3 =30.2 kg. At 

the maximum possible melting rate of M = 0.0134kg/s, it would therefore take 2250s = 37.5 min to 
melt all of the PCM in the vessel. Why would it, in fact, take longer to melt all of the PCM? 





PROBLEM 7.102 


KNOWN: Diameter and properties of phase-change material. Dimensions of cylindrical vessel and 
porosity of packed bed. Inlet temperature and velocity of air. 

FIND: (a) Outlet temperature of air and rate of freezing, (b) Effect of inlet velocity and capsule 
diameter on outlet temperature, (c) Location at which complete melting of PCM is first to occur and 
subsequent variation of outlet temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible thickness (and thermal resistance) of capsule shell, (2) All capsules 
are at T mp , (3) Constant properties, (4) Negligible heat transfer from vessel to surroundings. 

PROPERTIES: Prescribed, PCM: T mp = 50°C, p = 900kg/m 3 , h sf = 200kJ/kg. Table A-4, Air 

(Assume (T; + T 0 )/2 = 30°C = 303K): p a = 1.151kg/m 3 , c p = 1007 J/kg • K, v=16.2xl0 6 m 2 /s, 

Pr = 0.707. 


ANALYSIS: (a) For a packed bed (Section 7.8), the outlet temperature is given by 

f r > \ 


Tq—T m p (T m p Tjjexp 


hA 


p,t 


Pa^^c,b c p 


where A cb = 7 tD v /4 = 0.126 m and A p t = (l-£)(\/ v /V c )k D 2 = 3.02 r 
Re D = VD C / v = 3086, the convection correlation for a packed bed yields 


With 


e Jh = eStPr 2/3 =e 


Pa Vc r 


-Pr 2/3 =2.06Re^- 575 


D 


Hence, 


2.06 p a V Cp 
e Pr 2/3 Re£ 575 


T 0 =50°C-(30°C)exp 


2.06xl.l51kg/nrxlm/sxl007J/kg-K 2 

- ° - ° -= 59 lW/m K 

0.5(0.7) 2/3 (3086) 0 - 575 


59.1W/m 2 Kx3.02m 2 


N 


1.151kg/m 3 xlm/sx0.126m 2 xl007 J/kg-K 


= 41.2°C < 


v = • — - • -o — 

The rate at which PCM in the vessel solidifies, M(kg/s), may be obtained from an energy balance 

that equates the total rate of heat transfer from the capsules to the rate at which the latent energy of 
the PCM decreases. That is, 

q = ^r( Mh s,f ) = h sf M 


where M is the total mass of PCM and 


Continued 

















PROBLEM 7.102 (Cont.) 


q = hA P ,t 


(^mp Tjj (Tnip 


2 21.2°C 


£n 


^ rp r-p 'N 

1 mp — M 

— jy.i t t / xii 

in 

f 30 " 

T -T 
A mp A o J 


18-8 J 


= 3085W 


Hence, M = q/h sf = 3085 W/200,000 J/kg = 0.0154kg/s 

(b) The effect of V and D c are shown below 




Capsule diam eter, Dc(m) 


Despite the reduction in h with decreasing V, the reduction in the mass flow rate of air in the vessel 
and the corresponding increase in the residence time of air in the vessel allow it to more closely reach 
thermal equilibrium with the capsules before it leaves the vessel. Hence, T 0 increases with decreasing 
V, approaching T mp in the limit V —> 0. Of course, the production of warm air in kg/s decreases 
accordingly. With decreasing capsule diameter, there is an increase in the number of capsules in the 
vessel and in the total surface area A pt for heat transfer to the air. Hence, the heat rate and the air 
outlet temperature increase with decreasing D c . 

(c) Because the air temperature increases as it moves through the vessel, heat rates from the capsules 
are largest and smallest at the entrance and exit, respectively, of the vessel. Hence, complete freezing 
will first occur in capsules at the entrance. After complete freezing begins to occur in the capsules, 
progressing downstream with increasing time, heat transfer to the air will decrease the temperatures of 
the capsules, thereby decreasing the heat rate. With decreasing heat rate, the outlet temperature will 
decrease, approaching the inlet temperature after freezing has occurred in all capsules and they 
achieve thermal equilibrium with the inlet air. 

COMMENTS: (1) The estimate of T 0 used to evaluate the properties of air was good, and iteration 
of the solution is not necessary. (2) The total mass of phase change material in the vessel is 

M = N c p V c =[(l-£)V v /V c ]pV c = (l-£)pL v /4-j = 22.6kg. At the maximum possible 

melting rate of M = 0.0154kg/s, it would therefore take 1470s = 24.5 min to freeze all of the PCM in 
the vessel. Why would it, in fact, take longer to freeze all of the PCM? 





PROBLEM 7.103 


KNOWN: Flow of air over a flat, smooth wet plate. 

FIND: (a) Average mass transfer coefficient, h m , (b) Water vapor mass loss rate, (kg/s). 


SCHEMATIC: 



<?/rv 


LLoo=*55m/s 

Too = ~500K 

Poo-latm 

0W=O 




= 3 777 


ASSUMPTIONS: (1) Steady-state conditions, (2) Heat-mass transfer analogy applies, (3) Rc x c 
= 5 x 10 5 . 


S' A 

PROPERTIES: Table A-4, Air (300K): v = 15.89 x 10' m /s, Pr = 0.707; Table A-8, Water 
vapor-air (300K, 1 atm): Dab = 0.26 x 10 4 m/s. Sc = v/Dab = 0.611; Table A-6, Water vapor 
(300K): p A ,sat = 1/vg = 0.0256 kg/m 3 . 

ANALYSIS: (a) The Reynolds number for the plate, x = L, is 

u^L 35m/sx0.5m „ „„ a 

Re L = ^^ =-= 1.10x10 . 

v 15.89xl0 -6 m 2 /s 


Hence flow is mixed and the appropriate flat plate convection correlation is given by Eq. 7.42, 


Sh L =■ 


h m L 


D 


AB 


= 0.037 Ref; -871 Sc = 


f 

f. 

0.8 3 

0.037 

1.10x10 

-871 

V 


J 


0.611 


0.33 


giving 


Sh L =1399 


1399x0.26x10^ m 2 /s 
0.5 m 


0.0728 m/s. 


< 


(b) The evaporative mass loss rate is 
n A — hin^s (PA,s — Pa,°° ) 


where A s = L w, Pa,oo =0 (dry air) and Pa, s = PA.sat- Hence, 


n A = 0.0728 m/sx(0.5x3 ) m 2 (0.0256-0) kg/m 3 =0.0028 kg/s. 


< 



PROBLEM 7.104 


KNOWN: Air flow conditions over a wetted flat plate of known length and temperature. 

FIND: (a) Heat loss and evaporation rate, per unit plate width, q and n A , respectively, (b) Compute 
and plot q and n A for a range of water temperatures 300 < T s < 350 K with air velocities of 10, 20 and 
35 m/s, and (c) Water temperature T s at which the heat loss will be zero for the air velocities and 
temperatures of part (b). 

SCHEMATIC: 



<b = 0 L = 0.5 m 

Too 


ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable, (2) Constant properties, (3) Re XjC = 
5 x 10 5 . 

PROPERTIES: Table A.4 , Air (T = 300 K, 1 atm): v = 15.89 x 10 6 m 2 /s; Table A.6, Water (300 K): 
v g = 39.13 m 3 /kg, h fg = 2438 kJ/kg; Table A.8 , Water-air (298 K, 1 atm): D AB = 0.26 x 1 O' 4 m 2 /s, Sc = 
0.61. 


ANALYSIS: (a) The heat loss from the plate is due only to the transfer of latent heat. Per unit width of 
the plate, 

q /=n A h f g (!) 

n A = hmL [PA,sat (Ts) — PA,°o ] = hmDPA,sat (Ts) (2) 


Re L =^= 35m / SX °/ n ; =U 0 X 10 6 


15.89xl0~ 6 m 2 /s 


mixed boundary layer condition exists and the appropriate correlation is Eq. 7.42, 

Sh L =(0.037ReJ /5 -87l)sc 1/3 = 0.037(l.l0xl0 6 ) 4/5 -871 (0.61) 1 


giving ShL = 1398 and 

i7 _cn T Dab 


, 0.26xl0~ 4 m 2 /s 
0.5m 


: 0.0727 m/s. 


with PA,sat (Ts ) = V g 1 = 0.0256kg/m 3 , 

n' A = 0.0727 m/s (0.5 m) (o.0256 kg/m 3 ) = 9.29 x 10~ 4 kg/s ■ m 

Hence, the evaporative heat loss per unit plate width is 

q^nXhfg =9.29xl0“ 4 kg/sm(2.438xl0 6 J/kg) =2265W/m 


Continued... 





PROBLEM 7.104 (Cont.) 


Heat would have to be applied to the plate in the amount of 2265 W/m to maintain its temperature at 300 
K with the evaporative heat loss. 

(b) When T s and are different, convection heat transfer will also occur, and the heat loss from the 
water surface is 

Qloss = Oconv +c levap = hL(T s — T 00 ) + n^hfg (4) 

Invoking the heat-mass analogy, Eq. 6.92 with n = 1/3, 

h/h m =pc(a/D AB ) 2/3 (5) 

where h m and n A are evaluated using Eqs. (3) and (2), respectively. Using the foregoing relations in 
the IHT Workspace, but evaluating h (rather than h m ) with the Correlations Tool, External Flow, for 
the Average coefficient for Laminar or Mixed Flow, qj oss was evaluated as a function of u^ with 
= 300 K. 



(c) To determine the water temperature T s at which the heat loss is zero, the foregoing IHT model was 
run with qj oss = 0 with the result that, for all velocities, 


T s = 281 K 


< 


COMMENTS: Why is the result for part (c) independent of the air velocity? 




PROBLEM 7.105 


KNOWN: Flow over a heated flat plate coated with a volatile substance. 


FIND: Electric power required to maintain surface at T s = 134°C. 


SCHEMATIC: 


Uco = 8 mfs 

Too-20°C 


J>A ,«T 0 >P= lafm 






Volatile coating (A) 

*“"i -_ Plate with 

-L electrical _ 
/_-4 m heater, l N= 0.25m 


ASSUMPTIONS: (1) Steady-state conditions, (2) Heat-mass transfer analogy is applicable, (3) 
Transition occurs at Re xc = 5 x 10 , (4) Perfect gas behavior of vapor A, (5) Upstream air is dry, 

PA 00 = 0- 

PROPERTIES: Table A-4, Air (T f = (134 + 20)°C/2 = 350 K, 1 atm): v = 20.92 x 10" 6 m 2 /s, k = 
0.030 W/m-K, Pr = 0.700; Substance A (given): M a = 150 kg/kmol, pA,sat (134°C) = 0.12 atm, Dab 

>1 /-N S' 

= 7.75 x 10" m /s, h fg = 5.44 x 10 J/kg. 


ANALYSIS: From an overall energy balance on the plate, the power required to maintain T s is 
lelec — Oconv Oevap — — ^m.L^s (PA,s — Pa,°° ) hfg • 

To estimate hL, first determine Rep, 

Re L = Uoo L/v = 8 m/s x4 m/20.92 xlO" 6 m 2 /s = 1.530xl0 6 . 

Hence the flow is mixed and the appropriate correlation: 

Nup = h L L/k = (0.037 Rep 5 - 87l) Pr 113 


h L = (0.030 W/mK/4m) 


f 


l *\4/5 

0.037 1.530x10 


-871 


(0.700) 1/3 = 16.0 W/m 2 K. 


( 1 ) 


To estimate h m p, invoke the heat-mass analogy, with Sc = Vb/Dab> 


V = h L M 


^ /3 




= 16.0 


W 


m 2 K 


/ -1 2 \ 
1 7.75x10 nT/s ' 

0.030 W/m • K 


^ 20.92xl0' 6 m 2 /s 
7.75xl0' 7 m 2 /s 


\l/3 


/0.700 


= 0.00140- 


The density of species A at the surface, p As(T s ), follows from the perfect gas law, 


Si 

PA,s = PA,s /- T s = 0-12 atm/ 

m a 


8.205x10"° m 3 atm/kmolK 


150 kg/kmol 

Using values calculated for hp, h m p and Pa,s in Eq. (1), find 


(134 + 273) K = 0.539-^f-. 


m 


Oelec =(4mx0.25m) 


16.0- 


W 


(134-20)°C+0.00140 —(0.539-0)^-x5.44xl0 


kg 


m 2 K 


m 


kg. 


q e le C =1.0 m 2 [1,824 +4,105] W/m 2 =5.93 kW. 


COMMENTS: For these conditions, nearly 70% of the heat loss is by evaporation. 



PROBLEM 7.106 


KNOWN: Flow of dry air over a water-saturated plate for prescribed flow conditions and mixed 
temperature. 

FIND: (a) Mass rate of evaporation per unit plate width, n ^ (kg/s • m) , and (b) Calculate and plot n ^ 
as a function of velocity for the range 1 < u^ < 25 m/s for air and water temperatures of T s = = 300, 

325, and 350 K. 

SCHEMATIC: 



L - 1m 

ASSUMPTIONS: (1) Water surface is smooth, (2) Heat and mass transfer analogy is applicable, (3) 
Re XiC = 5 x 10 5 . 

PROPERTIES: Table A.6, Water vapor (T, = 350 K, 1 atm): p A . s = l/v g = 1/3.846 m 3 /kg = 0.2600 
kg/m 3 ; Table A.4 , Air (T f = T, = 350 K, 1 atm): v = 20.92 x 10 6 m 2 /s, a = 29.9 x 10 6 m 2 /s; Table A.8, 
Air-water (T f = T, = 350 K, 1 atm): D AB = 0.26 x 10 4 m 2 /s (350 K/293 K) 3/2 = 0.339 x 10 4 m 2 /s. 


ANALYSIS: (a) Determine the nature of the air flow by calculating Re L . With L = 1 m. 


Km/sxlm i 95 xiq6. 


20.92xl0~ 6 m 2 /s 



The mass rate of water evaporation per unit plate width is 

n A = h m L(pA, s - PA,oo) = 0.0526m/sxlm(0.260-0)kg/m 3 =0.0137kg/s m < 

(b) Using Eq. (1) and (3) in the IHT Workspace with the Correlations Tool, External Flow, Flat Plate, 
Average coefficient for Laminar or Mixed Flow, replacing heat transfer with mass transfer parameters, 
the evaporation rate as a function of a velocity for selected air-water velocities was calculated and is 
plotted below. 


Continued... 





PROBLEM 7.106 (Cont.) 



- Air-water temperature, Ts = Tint = 300 K 

—©— Ts = Tint = 325 K 
Ts = Tint = 350 K 


COMMENTS: (1) Note carefully the use of the heat-mass transfer analogy, recognizing that air is 
species B. 

(2) How do you explain the abrupt slope changes in the evaporation rate as a function of velocity in 
above plot? 




PROBLEM 7.107 

KNOWN: Temperature of water bath used to dissipate heat from 100 integrated circuits. Air flow 
conditions. 


FIND: Heat dissipation per circuit. 

SCHEMATIC: 


Insulation 
Poffing material 


-O U. oo =10m/s ) % o =300K ) 000=0.5 

-o 



~ L. ~ O.lm 


ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable, (2) Vapor may be approximated 
as a perfect gas, (3) Turbulent boundary layer over entire surface, (4) All heat loss is across air-water 
interface. 

PROPERTIES: Table A-4, Air (325 K, 1 atm): v = 18.4 x 10" 6 mis, k = 0.0282 W/rnK, Pr = 

-4 2 3/2 -4 

0.704; Table A-8, Air-vapor (325 K, 1 atm): Dy\g = 0.26 x 10 m /s(325/298) = 0.296 x 10 

2 3 

m /s, Sc = v/D ab = 0.622; Table A-6, Saturated water vapor (T)-, = 350 K): p g = 0.260 kg/m , hf g = 

s' o 

2.32 x 10 J/kg; (T*. = 300 K): p g = 0.026 kg/m . 

ANALYSIS: The heat rate is 

qi = N' = '^"[ q * + nihfg (Tb >]- 

Evaluate the heat and mass transfer convection coefficients with 

u^L lOm/sxO.lm 
Re L = -22- =--—-— =54,348 

v 18.4x10"° m 2 /s 

h = (k/L)0.037Re£ /5 Pr 1/3 = (0.0282 W/m - K/0.1 m) 0.037 (54,348) 4/5 (0.704) 1/3 = 57 W/m 2 • K 
hm=( D AB /L ) 0 - 037 Re L 5 S cl/3 = ( 0.296 xKT 4 m 2 /s/0.1 m) 0.037(54,348) 4/5 (0.622) 1/3 = 0.0574 m/s. 


The convection heat transfer rate is 

q' = h(T b -T m ) =57 W/m 2 K(350 -300) K =2850 W/m 2 

and the evaporative cooling rate is 

n A^fg — ^in \ Pa, sat (^b) — 4*00 Pa, sat (T°o )J^fg (^b) 

n A h fg =0.0574 m/s [0.260-0.5x0.026]kg/m 3 x2.32xl0 6 J/kg =32,890 W/m 2 

Hence 

(O.lm ) 2 , . 2 

q, =--—(2850 + 32,890) W/m~ =3.57W. 

100 


< 


COMMENTS: Heat loss due to evaporative cooling is approximately an order of magnitude larger 
than that due to the convection of sensible energy. 



PROBLEM 7.108 


KNOWN: Dry air flows at 300 K over water-filled trays, each 222 mm long, with velocity of 15 m/s 
while radiant heaters maintain the surface temperature at 330 K. 

FIND: (a) Evaporative flux (kg/s-m”) at a distance 1 m from leading edge, (b) Radiant flux at this 
distance required to maintain water temperature at 330 K, (c) Evaporation rate from the tray at location L 
= 1 m, n A (kg/s-m) and (d) Irradiation which should be applied to each of the first four trays such that 
their rates are identical to that found in part (c). 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Heat-mass transfer analogy applicable, (3) Water 
vapor behaves as perfect gas, (4) All incident radiant power absorbed by water, (5) Critical Reynolds 
number is 5 x 10\ 


PROPERTIES: Table A.4 , Air (T f = 315 K, 1 atm): v = 17.40 x 10' 6 m 2 /s, k = 0.0274 W/m-K, Pr = 
0.705; Table A.8 , Water vapor-air (T f =315 K): D AB = 0.26 x 10‘ 4 m 2 /s (315/298) 372 = 0.28 x 10 4 m 2 /s, 
Sc = v/Dab = 0.616; Table A.6, Saturated water vapor (T s = 330 K): p A , sat = l/v g = 0.1134 kg/m 3 , h fg = 
2366 kJ/kg. 

ANALYSIS: (a) The evaporative flux of water vapor (A) at location x is 

^A,x = V,x (PA.s ~ PA,o° ) = hm,x [PA,sat (^s ) — ^ooPA,sat (Too )] (1) 

Evaluate Re x to determine the nature of the flow and then select the proper correlation. 

Re x =^^ = 15m/sxlm/l7.40xl0“ 6 m 2 /s = 8.621xl0 5 . 

V 

Hence, the flow is turbulent, and invoking the heat-mass analogy with Eq. 7.45, 

Sh x =^^ = 0.0296Re x /5 Sc 1/3 

d ab 

h m = 028x10—!^Wi x o.0296(8.621xl0 5 ) 4/5 (0.616) 1/3 = 3.952xl0“ 2 m/s. 
lm ' ' 

Hence, the evaporative flux at x = 1 m is 

nA,x = 3 - 952 x 10 ~ 2 m / s (o. 1134kg/m 3 - o) = 4.48x 10“ 3 kg/s • m 2 

(b) From an energy balance on the differential element at x = 1 m, 

Orad — Oconv + Oevap — ^x (^s — ^ A,x^fg 


( 2 ) < 
(3) 


Continued... 




PROBLEM 7.108 (Cont.) 

To estimate h x , invoke the heat-mass analogy using the correlation, Eq. 7.45, 

Nu x /Sh x =(Pr/Sc) 1/3 or h x = h m . x k/D AB (Pr/Sc) 1/3 (4) 

h x =3.95xl0“ 2 kg/s-m 2 (o.0274 W/m-K/0.28xl0“ 4 m 2 /s)(0.705/0.616) 1/3 = 40.45 w/m 2 -K 


Hence, the required radiant flux is 

q ; ad = 40.45 w/m 2 ■ K (330 - 300) K + 4.48x 10~ 3 kg/s ■ m 2 x 2366x 10 3 J/kg 

qrad = 1,214 w/m 2 +10,600 w/m 2 =ll,813w/m 2 < 

(c) The flow is turbulent over tray 5 having its mid-length at x = 1 m, so that it is reasonable to assume, 

h 5 -h x ( lm ) (5) 

so that the evaporation rate can be determined from the evaporative flux as, 

n A = n A,x^ L = 4.48xl0~ 3 kg/s ■ m 2 x0.2 22m = 9.95xl0 -4 kg/s • m < 

(d) For tray 5, following the form of Eq. (3), the energy balance is 

%ad,5^L = I15 AL(T s 5 — ) + n A^hfg (6) 

and the evaporation rate for the tray is 

n A,5 = hm,5^L(pA,s _ ^) (^) 

While I 15 and h m 5 represent tray averages, Eq. (4) is still applicable. Using the IHT Correlation Tool, 
External Flow, Average coefficient for Laminar, or Mixed Flow, I 15 is evaluated as 

I 15 = |^h x (l.l 0 m)L 5 -h x (0.880m)L4]/AL ( 8 ) 


where AL = L 5 - L 4 = 0.22 m. The same relations can be applied to trays 2, 3 and 4. For tray 1, fq = 

h (0.22 m) Li, where Li = AL. With Eqs. (3, 6 , 7 and 8 ) in the IHT Workspace, along with the 
Correlations and Properties Tools, the following results were obtained with the requirement that the 
evaporation rate for each tray is equal at 5 = 10.01 x 10 4 kg/s m. 

Tray _1_2_3_4_ 5 

T s 342.7 357 348.1 329 330 

q" ad 11,920 11,150 11,400 11,950 11,920 

COMMENTS: (1) Note carefully at which temperatures the thermophysical properties are evaluated. 

(2) Recognize that in part (d), if we require equal evaporation rates for each tray, 5 , the water 
temperature, T s , and radiant flux, q r ad , for each tray must be different since the convection coefficients 
h x and h m x are different for each of the trays. How do you explain the changes in T s ? Which tray 
has the highest h ? The lowest h ? 

(3) For tray 5, using Eq. (5) we found I 15 = 40.45 W/m 2 K; using the more accurate formulation, Eq. ( 8 ), 

the result is 40.49 W/m 2 K. If the flow were laminar or mixed over the tray, Eq. (5) would be 
inappropriate. 



PROBLEM 7.109 


KNOWN: Irradiation on sequential water-filled trays of prescribed length and width. Temperature and 
velocity of airflow over the trays. 

FIND: Rate of water loss from first, third and fourth trays and temperature of water in each tray. 


SCHEMATIC: 

c/D ry aity 1 

7^o= 300 K ZZ 
1 / 00 = 15 m/s — 


n 

rr 

n 


n 

n 

TT 

TT 

n 

n 

n 

n 

n 

n 

n 

n 

n 

. G = 10 4 W/m 2 / ^ 

q ^ p evap p'conv 

1 _ 



Radiant 

heaters 



Ax = 0.25 m (W = 1 m) 


ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform irradiation of each container, (3) Complete 
absorption of irradiation by water, (4) Negligible heat transfer between containers and from bottom of 
containers, (5) Validity of heat-mass transfer analogy, ( 6 ) Applicability of convection correlations for an 
isothermal surface, (7) Re XjC = 5 x 10 5 . 

PROPERTIES: Table A.4, air (1 atm, assume T f = 315 K): v= 17.4 x 10 6 m 2 /s, k = 0.0274 W/m-K, Pr 
= 0.705. Table A.8 , vapor/air (1 atm, 315 K): D AB = 0.26 x 10 4 m 2 /s (315/298) 3 ' 2 = 0.28 x 10 4 m 2 /s, Sc 
= v/Dab = 0.616. 

ANALYSIS: The temperature of each tray is determined by a balance between the absorbed radiation 
and the convection and evaporative losses. Hence, 

G = Oconv + Qevap = h (^s — Too ) + hmPA,sathfg 


where, assuming an exponent of n = 1/3, the heat-mass transfer analogy yields 

h m = (D AB /k)(Sc/Pr) 1/3 h = (o^xlO -4 m 2 /s/o.0274w/m ■ k)(0.616/o. 705) 1/3 h = ^9.07xl0 _4 m 3 -tc/w-s^h 
Hence, 


G = h 


(T s -T 00 ) + 9.07X10 4 p A ,sathfg 


With Re N = u^NAx/v = 15 m/s(N x 0.25 m)/17.4 x 10 6 m 2 /s = (2.155 x 10 5 )N, the flow is laminar for N 
= 1,2 with transition to turbulence occurring for N = 3. 


For tray 1, 

h = (k/Ax)0.664Re} 72 Pr 1/3 

= (0.0274 W/m-K/0.25m)0.664(2.155xl0 5 ) ~ (0.705) 1/3 = 30.1 w/m 2 • K 

For tray 4, with x = 0.875 m (N = 7/2), 
h 4 » (k/x)0.0296Re 4 /2 Pr 1/3 

= (0.0274W/m -K/0.875m)0.0296^7.543xlO 3 j ~ (0.705) 1/3 =41.5w/m 2 -K 


Continued... 





PROBLEM 7.109 (Cont.) 


For tray 3. I 13 = (lq_ 3 L 3 — h{-2^2 )/> where 

V 3 L 3 = k(o.037Re 4/5 -87l)pr 1/3 

= 0.0274 W/m ■ K (0.037 x 44, 510-871) (0.705 ) 1/3 = 18.9 W/m ■ K 

h 1 _ 2 L 2 =k(o.664Re!/ 2 Pr 1/3 ) 

= 0.0274 W/m - K (0.664x656.5) (0.705 ) 1/3 = 10.6 W/m - K 


h 3 = (18.9-10.6)W/m■ K/0.25m = 33.1 W/m 2 ■ K 

For tray 1, the energy balance yields 


10^W/m z = 30.1 W/m z ■ K 


(Ts Tqo)+ 9.07x 10 PA.sat^fg 


Since p A , S at depends strongly on T s , the solution to this equation must be obtained by trial-and-error, with 
pA.sat (and h fg ) determined from Table A. 6 . The solution yields 

T sJ » 334.7 K < 

Similarly, for trays 3 and 4 

T s>3 » 332.8K T s 4 ~ 327.IK < 

The evaporation rate for tray N is 

ri^evap = h m PA,sat (WAx) = 2.27x10 hPA,sat 

from which it follows that 

“evap.l = 9.5xKT 4 kg/s, m evap 3 ~ 9.5xlO -4 kg/s, m evap 4 = 9.3xlO -4 kg/s < 


COMMENTS: (1) The largest convection coefficient is associated with the tray for which the entire 
flow is turbulent. (2) The temperature of the water varies inversely with the average convection 
coefficient for its tray. 



PROBLEM 7.110 


KNOWN: Apparatus as described in Problem 7.40 providing a nearly uniform airstream over a flat test 
plate to experimentally determine the heat and mass transfer coefficients. Temperature history of the 
pre-heated plate for airstream velocities of 3 and 9 m/s were fitted to a fourth-order polynomial for 
determining the heat transfer coefficient. Water mass loss observations from a water-saturated paper 
over the plate and its surface temperature for determining the heat transfer coefficient. 

FIND: (a) From the temperature-time history, determine the heat transfer coefficients and evaluate the 

constants C and m for a correlation of the form Nul = CRe m Pr 1/3 ; compare results with a standard- 
plate correlation and comment on the goodness of the comparison; explain any differences; (b) From the 
water mass loss observations, determine the mass transfer coefficients for the two flow conditions; 

evaluate the constants C and m for a correlation of the form ShL = C Re m Sc 1/3 ; and (c) Using the heat- 
mass analogy, compare the experimental results with each other and against standard correlations; 
comment on the goodness of the comparison; explain any differences. 


SCHEMATIC: 
7-00= 20 °C 



(a) Heat transfer experiment 


<J^L? 



Water-saturated 
paper, 133 X 133 mm 



L = 133 mm 


Temperature Observations 


Uco (m/s) 

3 

9 

At(s) 

300 

160 

a (°C) 

56.87 

57.00 

b (°C/s) 

-0.1472 

-0.2641 

c (°C/s 2 ) 

3 x 10' 4 

9 x 10' 4 

d (°C/s 3 ) 

-4 x 10' 7 

-2 x 10' 6 

e (°C/s 4 ) 

2 x 10' 10 

1 x 10' 9 


Mass Loss Observations 

v 

L 

m(t) 

m (t + At) 

At 

(m/s) 

(°C) 

(g) 

(g) 

(s) 

3 

15.3 

55.62 

54.45 

475 

9 

16.0 

55.60 

54.50 

240 


(b) Mass transfer experiment 

ASSUMPTIONS: (1) Airstream over the test plate approximates parallel flow over a flat plate, (2) Plate 
is spacewise isothermal, (3) Negligible radiation exchange between plate and surroundings, (4) Constant 
properties, and (5) Negligible heat loss from the bottom surface or edges of the test plate. 

PROPERTIES: Heat transfer coefficient. Table A.4, Air ( Tf = (T s — )/2 = 310 K, 1 atm): k a = 

0.0269 W/m-K, v = 1.669 x 10' 5 m 2 /s, Pr = 0.706. Test plate (Given): p = 2770 kg/m 3 , c p = 875 J/kg-K, k 
= 111 W/m-K. Mass transfer coefficient: Table A.6, Water vapor (T s = 15.3°C = 288.3 K): p A sat = l/v g 
- 79.81 m 3 /kg = 0.01253 kg/m 3 ; Table A.6, Water vapor (T s - 16.0°C = 289 K): p A sat - 0.01322 kg/m 3 ; 
Table A.6, Water vapor (T inf = 27°C = 300 K): p A sat = 0.02556 kg/m 3 ; Table A.8, Water vapor-air [T f = 
(T s + T„)/2 - 295 K]: D AB = 0.26 x 10 4 m 2 /s (295/298) 15 = 0.256 x 10 4 m 2 /s. 

ANALYSIS: (a) Using the lumped-capacitance method, the energy balance on the plate is 

“h L A s [T s (t) - Too ] = PVc p ~ (1) 

dt 


Continued... 





PROBLEM 7.110 (Cont.) 

and the average convection coefficient can be determined from the temperature history, T s (t), 

- _ pVc p (dT/dt) 

L A s T s (t)-T„ 

where the temperature-time derivative is 

^ = b + 2ct + 3dt 2 +4et 3 
dt 


( 2 ) 


(3) 


The temperature time history plotted below shows the experimental behavior of the observed data. 



Plate temperature, Ts (C) 


- unit = 3 m/s 

—a— unit = 5 m/s 


Consider now the integrated form of the energy balance, Eq. (5.6), expressed as 
, T s (t) —^ f hr A s 

In—2-^-=- t (4 ) 

Ti-T^ {pV cj 

If we were to plot the LHS vs t, the slope of the curve would be proportional to hp. Using IHT, plots 

were generated of hp vs. T s , Eq. (1), and ln|^(T s (t)-^)/^ -T^J vs. t, Eq. (4). From the latter 

plot, recognize that the regions where the slope is constant corresponds to early times (< 100 s when u to = 
3 m/s and < 50s when u^ = 5 m/s). 



Elapsed time, t (s) 


Elapsed time, t (s) 


- uinf = 3 m/s 

—a— unit = 5 m/s 


- uinf = 3 m/s 

—a— unit = 5 m/s 
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Selecting two elapsed times at which to evaluate hp, the following results were obtained 

u^ (m/s) t (s) T s (t), (°C) h L (W/m 2 -K) Nu L R e L 

3 100 44.77 30.81 152.4 2.39 x 10 4 

9 50 45.80 56.7 280.4 7.17 x 10 4 

where the dimensionless parameters are evaluated as 
—— hr L „ UqqL 

Nul = Re L =- (5,6) 

k a V 

where k a , v are thermophysical properties of the airstream. 

(b) Using the above pairs of Nul and Re L , C and m in the correlation can be evaluated, 

N^L=CRe“Pr 1/3 (7) 

152.4 = C(2.39 x 10 4 ) m (0.706) 1/3 280.4 = C(7.17 x 10 4 ) m (0.706) 1/3 

Solving, find C = 0.633 m = 0.555 (8,9) < 

The plot below compares the experimental correlation (C = 0.633, m = 0.555) with those for laminar 
flow (C = 0.664, m = 0.5) and fully turbulent flow (C = 0.037, m = 0.8). The experimental correlation 

yields Nul values which are 25% higher than for the correlation. The most likely explanation for this 
unexpected trend is that the airstream reaching the plate is not parallel, but with a slight impingement 
effect and/or the flow is very highly turbulent at the leading edge. 



Reynold's number, ReLbar 


- exp 

—*— lam 
^ turb 

(b) From the convection mass transfer rate equation, 

n A = ^m.L^s (PA,s ~PA,oo) (10) 

where the evaporation rate can be determined from the paper mass and time interval observations, 

= [ m (t + At)-m(t)]/At (11) 

and the species densities, p A , s and Pa ryo , correspond to Pa, sat (T s ) an( l 0 oc.PA.sat (Too ) • respectively. 


Using the ASHRAE psychrometric chart (1 atm) with T wb = 13°C and T d b = 27°C, find the relative 
humidity as 0^ =0.17. The correlation dimensionless parameters are evaluated as 


Sh L = 


h m,L L 

d ab 


Re L = 


UqqL 

v 



d ab 


(12,13,14) 


Continued... 




PROBLEM 7.110 (Cont.) 

where all the properties are evaluated at T f = (T s + |/2 . The results of the analyses are summarized 

in the following table. 


u tc 

n A 

h m,L 

Sh L 

Re L 

Sc 

(m/s) 

3 

kg/s 

2.463 x 10' 6 

(m/s) 

0.0168 

87.58 

2.594 x 10 4 

0.603 

9 

4.583 x 10' 6 

0.0288 

150 

7.767 x 10 4 

0.603 


Using the two sets of tabulated values for ShL , Re L and Sc and the standard correlation of the form, 

ShL =CRe“Sc 1/3 (15) 

87.58 = c(2.594xl0 4 ) m (0.603 ) 1/3 150 = c(7.767xl0 4 ) m (0.603) 1/3 

solve simultaneously to find C = 0.711 m = 0.490 (16,17) 

From the heat-mass analogy, we expect the constants C and m in Eq. (7) for heat transfer and in Eq. (13) 
for mass transfer to be the same. From the two experiments, we found 

C m 

Heat transfer 0.633 0.555 

Mass transfer 0.711 0.490 

— / 1/3 - / 1/3 

In the plot below, the parameters Slip/Sc or Nup/ Pr are plotted against Re L using Eq. (15) or 

(7). Note that the curves are nearly parallel on the log-log axes since their “m” constants are of similar 
value. The mass transfer results are, however, nearly 50% higher than those for heat transfer. We have 
no way to explain this systematic difference without more information on the apparatus, observation 
procedures and repeated observations. However, overall the results support the general form of the heat- 
mass analogy. 



10000 40000 80000 

Reynolds number, ReL 


- Mass transfer, C= 0.711, m = 0.490 

—e— Heat transfer, C = 0.633, m = 0.555 





PROBLEM 7.111 


KNOWN: Dry air at prescribed temperature and velocity flowing over a wetted plate of length 500 mm 
and width 150 mm. Imbedded electrical heater maintains the surface at T s = 20°C. 


FIND: (a) Water evaporation rate (kg/h) and electrical power P e (W) required to maintain steady-state 
conditions, and (b) The temperature of the plate after all the water has evaporated, for the same airstream 
conditions and heater power of part (a). 


SCHEMATIC: 
^ Dry aiT^ 



Qconv 

\ 


. .. □ 




(a) Water film (a) Dry surface 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties and (3) Heat-mass transfer 
analogy is applicable. 


PROPERTIES: Table A.4, Air (T f = (T s +T 00 )/2 = 300 K, 1 atm): p = 1.16 kg/m 3 , c p = 1007 J/kg-K, 

k = 0.0263 W/m-K, v = 15.94 x 10 6 m 2 /s, a = 2.257 x 10 5 m 2 /s, Table A.6, Water (T s = 20°C = 293 K): 
p A , s = l/v g - 1/59.04 = 0.0169 kg/m 3 , h fg - 2454 kJ/K; Table A.8, Water-air (T f - 300 K): D AB = 0.26 x 
10 4 m 2 /s. 


ANALYSIS: (a) Perform an energy balance on the plate, 

Ein — E out =0 P e — q conv — Oevap = 0 

where the convection and evaporation rate equations are, 
Oconv = ^L^s (T s ~ Too ) 

Oevap = n A^fg = h m A s (pa,s — PA,°o)~ hfg 
The Reynolds number for the plate length L is 


Re L 


UooL 


20m/sx0.50m 
15.94xl0~ 6 m 2 /s 


■ 6.274xl0~ 


so that the flow is mixed and Eq. 7.41 is appropriate to estimate h L , 

Nu L = = (0.037Re^ /5 -87l)pr 1/3 


h L = 


0.0263W/mK 




0.037 


6.274xl0 5 


n4/5 


0.5 m 

Evoking the heat-mass analogy, Eq. 6.92, with n = 1/3 

( \-2/3 6 

I a 
P c P 


-871 


1(0.707 ) 1/3 =34.5 W/m z -K 


'm 


Dab 


= 1.16 kg/m 3 x 1007 J/kg-K 


2.257x10 5 m 2 /s 


\-2/3 


v 0.26x10 4 m/s j 


= 1284 J/rn •K 


( 1 ) 

( 2 ) 

(3) 
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h m = 34.5 w/m 2 ■ K/l284 j/m 3 ■ K = 0.0269m/s 
Substituting numerical values, the energy balance, Eq. (1), with A s = 0.5 m x 0.15 m = 0.075 m 2 , 

P e -34.5 w/m 2 -Kx0.075m 2 (20-35)K 

- 0.0269 m/s x 0.075 m 2 (0.0169 - 0) kg/m 3 x 2454x 10 3 J/kg • K = 0 

P e =-38.8W+ 83.7 = 44.9 W < 

The evaporation rate is 

n A = h m A s (p AjS -Pa.oo) = 0.0269m/sxO.075m 2 x0.0169kg/m 3 =0.123kg/h < 

(b) When the plate is dry, the energy balance is 

?e = hpA s (Ts — r ^°°) 

and with P e and h L as determined in part (a), 

T s =T 00 +P e /h L A s =35°C+44.9 w/34.5 w/m 2 -Kx0.075m 2 =52.3°C < 

COMMENTS: Using IHT Correlations Tool, External Flow, Flat Plate, the calculation of part (b) was 
performed using the proper film temperature, T f = 318 K, to find hp = 32.7 W/m 2 K and T s = 53.3°C. 



PROBLEM 7.112 


KNOWN: Convection mass transfer with turbulent flow over a flat plate (van roof). 

2 

FIND: (a) Location on van that will dry last, (b) Evaporation rate at trailing edge, kg/s-m . 


SCHEMATIC: 



ASSUMPTIONS: (1) Turbulent flow over entire plate (van top), (2) Heat-mass transfer analogy is 
applicable, (3) Perfect gas behavior for water vapor (A). 

PROPERTIES: Table A-4, Air (300 K, 1 atm): v = 15.89 x 10" 6 m 2 /s, k = 0.0263 W/mK, Pr = 

-4 2 

0.707; Table A-8, Air-water vapor (25°C): Dab = 0.26 x 10 m /s; Table A-6, Saturated water 
vapor (300K): Pa, sat = v g' = 0.0256 kg / m 3 . 

ANALYSIS: (a) The mass transfer coefficient, h m (x), will be largest at x = 0 and smallest at x = L 
for turbulent flow conditions. Hence, the trailing edge will dry last. 

(b) The evaporation rate on a per unit area basis, at the trailing edge where x = L, is given by the rate 
equation, 

n A m,L (PA,s — Pa,°° ) — h m.L PA,sat 0 — ‘t’oo ) 

For turbulent flow the appropriate correlation for estimating h m g is of the form 

Sh x =h mx x/DAB = 0.0296Re x /5 Sc 1/3 . 

Substituting numerical values, 

Re = _^ = 90xl0_jn/h x 6m/15.89xl0' 6 m 2 /s =9.44xl0 6 
v B 3600 s/h 

Sc = —= 15.89xl0“ 6 m 2 /s/0.26xl0~ 4 m 2 /s = 0.611 
Dab 

h m,L = (°-26xlO“ 4 m 2 /s/6mjx0.0296 (9.44xl0 6 ) 4/5 (0.61l) 1/3 =0.0414m/s. 

Hence, the evaporation flux (rate per unit area) is 

n' A =0.0414 m/sx0.0256 kg/m 3 (1-0.8) = 2.12xl0“ 4 kg/s-m 2 < 

COMMENTS: Recognize how the heat-mass analogy is utilized and the appropriate correlation 
selected from Table 7.9. 



PROBLEM 7.113 

KNOWN: Length and thickness of a layer of benzene. Velocity and temperature of air in parallel 
flow over the layer. 

FIND: Time required for complete evaporation. 

SCHEMATIC: 







PROBLEM 7.114 


KNOWN: Parallel air flow over a series of water-filled trays. 

FIND: Power required to maintain each of the first three trays at 300K. 


SCHEMATIC: 


Air 


rTra) 


U.oo-12-m/s, 500K P 

0oo=0.40\ p =latm L_^. x 




rA\.s 

V /-W ater(A),T s --300K 


ASSUMPTIONS: (a) Steady-state conditions, (2) Heat-mass transfer analogy applicable, (3) 
Perfect gas behavior for water vapor, (4) Re x c = 5x10 . 

S' ^ 

PROPERTIES: Table A-4, Air (300 K, 1 atm): V = Vg = 15.89 x 10 irf/s; Table A-8 , Water 
vapor-air (300K): Dab = 0-26 x 10 4 irf/s, Sc = v b/D\b = 0.611; Table A-6, Saturated water 
vapor (300K): pA,sat = v g 1 = 0.02556 kg/m 3 , hf g = 2438 kJ/kg. 


ANALYSIS: Since T s = Too, there is no convective heat transfer, hence, 

Otray =r ^trayhfg = V'^s ' PA,sat (l _( l ) oo)hfg ( 1 ) 

where 


poo = Pa,oo / Pa, sat an( l PA,s = PA,sat (T s )• Calculate the Reynolds number at X 3 , 


Re x 3 =u 00 X 3 /vg =12 m/sxl.5m/15.89x10"^m 2 /s = 1.133x10^ 

finding that transition occurs at x = 0.662 m, a location on tray 2. The average mass transfer 
coefficients h m and heat rates for each tray are as follows: 

Tray 1\ The flow is laminar and the appropriate correlation for h m j and heat rate are 


Sh xi = hmjx! / = 0-664 Re 1 / 2 Sc 1/3 


hn,l = (0. 


~>-4 


)= 


h m i = 0.26x 10 " 11 C /s/0.5 m xO.664 


q[ =1.800x10 2 m/sx0.5 mx0.02556 kg/m 3 (1 -0.40)x2438 xlO 3 J/kg =337 W/m. 
Tray 2: Since transition occurs over the span of tray 2, the rate equation has the form 
92 =[ x 2 h m , 0 - 2 - x lh m , 0 -l] PA,sat (l-<M h fg- 


r 12 m/s x0.5 m ^ 
v 15.89xl0' 6 m 2 /s j 


(0.611) 173 = 1.800x10 2 m/s 


( 2 ) 


Continued .... 
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Note that h m o-i = h m j from above and that h m ,()-2 is evaluated using the correlation 
Sh x = (0.037 Ref 5 -87lJ Sc 1/3 

hm,0-2 =2.193x10 ^ m/s cfo =483 W/m. < 

Tray 3: The rate equation is of the same form as Eq. (2). Alternatively, an approximation can be 
used, 

q3= h m(x) (x 3 -x 2 ) p A ,sat (lH>oo) h fg 
where h m (x) is the local value at the midspan, x = (x 2 + x 3 ) / 2. Using 

Sh x = 0.0296 Ref 5 Sc 1/3 
and substituting numerical values, find 

h m ( x ) =3.148x10 ^ m/s q 3 =589W/m. < 



PROBLEM 7.115 

KNOWN: Air and surface conditions for a drying process in which photographic plates are aligned 
in the direction of the air flow. 


FIND: (a) Variation of local mass transfer convection coefficient, (b) Drying rate for fastest drying 
plate, (c) Heat addition needed to maintain the plate temperature. 


SCHEMATIC: 


cSEiD 

T^^SO'C 

0l=O 

p%latm 



ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable, (2) Critical Reynolds number 
is Re x c = 5x10 , (3) Radiation effects are negligible. 

S' A 

PROPERTIES: Table A-4, Air (50°C = 323K): v = 18.2 x 10 1 rnVs; Table A-6, Water vapor 

(50°C = 323K): pA sat = 0.082 kg/m 3 , hf„ = 2383 kJ/kg; Table A-8 , Water vapor-air (25°C = 

’ -4 2 6 3/2 -4 

298K) Dab = 0.26 x 10 m /s; since Dab a T , Dab(50°C = 323K) = 0.26 x 10 
3/2 -4 2 

(323/298) = 0.29 x 10 m /s, Sc = v/Dab = 0.62. 

ANALYSIS: (a) With Re x c = UooXc/v = 5 x 10 5 , the point of transition is 

5xl0 5 (l8.2xl0' 6 m 2 /s) 

x r =-= 1 m 

9.1 m/s 

and the variation of the local mass transfer coefficient is as shown below 



(b) The largest evaporation will be associated with either the first plate or the fifth plate. For the first 
plate, 

n A,l = hm,f^s,l ( PA,s ~ PA,oo) 

where p a»o = 0 since the upstream air is dry. Since the boundary layer is laminar over the entire 
plate, with 

R e X)1 = (9.1 m/s) (0.25 m)/(l8.2xl0 -6 m 2 /s) =1.25xlO 5 


Continued 





PROBLEM 7.115 (Cont.) 


Eq. 7.32 may be used to obtain 


h m,l = 


(3 

U AB 

V X 1 7 


( 


0.664 Re 1 / 2 Sc 1/3 = 


0.29x10^ m 2 /s 


A 


0.25 m 


0.664 1.25xl0 3 (0.62) 


1/2 


d/3 


h m i = 0.0232 m/s. 


7 


Hence n A) i =0.0232m/s(0.25 mxl m) |o.082kg/m 2 j = 4.72x10 ^kg/s m. 

For ihe fifth plate, 


n A,5 = n A,0-5 _n A,0-4 = 


( h m A s ) 0 _ 5 ( h m A s ) n _ 4 (PA,s PA,°o)- 


0-4. 


With Re x 5 = 6.25 xlO , Eq. 7.42 gives 


1 m,0-5 _ 


h m,0-5 


0.037 Re^g-871 


V X 5 7 
f 0.29 x\Q~ A m 2 /s ^ 


Sc 


1/3 


1.25 m 


/ 5 \ 4/5 

0.037^6.25xl0 3 j -871 


(0.62) 


,1/3 


h m,0-5 = °- 0145 m/s- 


With Re x 4 = 5x10 , Eq. 7.32 gives 
h m ,0-4 


'Dab a 


V X 4 7 


n o l/ 4 c 1/3 

0.664 Re x 4 Sc 


h m,0-4 = 


f Q.29 x\Q~ A m 2 /s ^ 
" Em 


/ c\l/2 1/0 

0.664 (5xl0~d (0.62) 


h m Q —4 = 0.0116 m/s. 


Hence, 

n A,5 =[0.0145m/sxl.25 mxl m-0.0116m/sxl mxl m] |o.082kg/m 2 j 

n Ai 5 =5.35x10 ^kg/s m. < 

Hence the evaporation rate is largest for Plate 5. 

(c) Heat would have to be supplied to each plate at a rate which is equal to the evaporative cooling 
rate in order to maintain the prescribed temperature. Hence 

q 5 =n A) 5 h fg =5.35xl0 _ 4 kg/s mx2.383xl0 6 J/kg = 1.275 kW/m. < 

COMMENTS: The large value of q 5 is a consequence of the significant evaporative cooling effect. 



PROBLEM 7.116 


KNOWN: Dimensions and temperature of a cooling pond. Conditions of air flow. 
FIND: Daily make-up water requirement. 


SCHEMATIC: 


Air, B 

Ugn =2 777/s 

T^-ZTC 

0oo = 0 

p -latm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Turbulent boundary layer over the entire 
surface, (3) Heat and mass transfer analogy is applicable. 

S' q 

PROPERTIES: Table A-4, Air (T = 300K, 1 atm): v = 15.89 x 10' m /s, k = 0.0263 W/m-K, 
Pr = 0.707; Table A-6, Water vapor (300K): Pa, sat = v g' = 0.0256 kg/m 3 ; Table A-8, Water 
vapor-air (300K): Dab = 0-26 x 10 4 irf/s, Sc = v/Dab = 0.61. 

ANALYSIS: The make-up water requirement must equal the daily water loss due to evaporation, 
AM = m eva pAt = h m (W - L) [Pa, sat (^s) - ^ooP A,sat (Too)]' At. 


From Eq. 7.45, ShL = 0.037 Re^ 3 Sc^ 3 , with 

Re L = 2 m/sx 1000 m =l26xlQ S 

v 15.89x10"® m 2 /s 

Sh L = 0.037 (l.26xl0 8 ) 4/5 (0.61) 1/3 = 9.48 x10‘ 

r Dab ShL 0.26X10 -4 m 2 /sx9.48xl0 4 
n m t — — 

’ L 1000 m 

h m ,L = 2.47x10 3 m/s. 


Hence, the make-up water requirement is 

AM = 2.47X10" 3 m/s (500 mxlOOO m) 0.0256 kg/m 3 (24hx3600 s/h) 

AM = 2.73xl0 6 kg/day. 


< 



PROBLEM 7.117 


KNOWN: Dimensions and initial temperature of plate covered by liquid film. Properties of liquid. 
Velocity and temperature of air flow over the plates. 

FIND: Initial rate of heat transfer from plate and rate of change of plate temperature. 


SCHEMATIC: 


5 = 6 mm ->| 


T oo -20°C , i «Ai q evap 

Liquid film (A) 

v L=1m T, = 40°C 

ASSUMPTIONS: (1) Negligible effect of conveyor velocity on boundary layer development, (2) 
Plates are isothermal and at same temperature as liquid film, (3) Negligible heat transfer from sides of 
plate, (4) Smooth air-liquid interface, (5) Applicability of heat/mass transfer analogy, ( 6 ) Negligible 
solvent vapor in free stream, (7) Re x c = 5 x 10 5 , ( 8 ) Constant properties. 

PROPERTIES: Table A-l, AIS1 1010 steel (313K): c = 441 J/kg-K, p = 7832kg /m 3 . Table A-4 , 
Air (p = 1 atm, Tf= 303K): v = 16.2x10 6 m~/s, k = 0.0265 W/m• K, Pr = 0.707. Prescribed: Solvent: 
PA.sat = 0.75kg /m 3 , D AB = 10“ 5 m 2 /s, h fg =9xl0 5 J/kg. 

SOLUTION: The initial rate of heat transfer from the plate is due to both convection and 
evaporation. 

0 = Oconv + qevap = h A s (Tj - ) + n a hfg = h A s (Tj — ) + h m A s Pa, sat hfg 

With Re L = u,^ L/v = lm/sxlm/16.2xl0 m /s = 6.17x10 , flow is laminar over the entire surface. 
Hence, 

1/2 

N^ l = 0.664Re 1 ^ 2 Pr 1/3 =0.664(6.17xl0 4 ) " (0.707) 1/3 = 147 
h = (k/L)Nu L = (0.0265W/m -K/lm) 147 = 3.9W/m 2 ■ K 


✓IT 


L = 1 m 


Also, with Sc =v/D ab =16.2x10 6 m 2 /s/10 5 m 2 /s=1.62, 

1/2 

Sh L = 0.664 Re j/ 2 Sc 17 3 = 0.664^6.17 xl0 4 j (1.62) 1/3 =194 

V =( D AB /L )Sh L =(l0~ 5 m 2 /s/lm)l94 = 0.00194m/s 

2 2 

Hence, with A s = 2 L = 2 m , 

q = 2m 2 3.9W/m 2 -K(20°C) +0.00194m/sx0.75kg/m 3 x9xl0 5 J/kg = 156 W + 2619 W = 2775 W < 

Performing an energy balance at an instant of time for a control surface about the plate, -E out = E st , 
we obtain (Eq. 5.2), 

A =-_!_ =- 2775W ,_= -0.13°C/s < 

dt i P<SL 2 c 7832 kg / m 3 x 0.006m (lm)^ 441J/kg ■ K 

COMMENTS: (1) Heat transfer by evaporation exceeds that due to convection by more than an 
order of magnitude, (2) The total heat rate is small enough to render the lumped capacitance 
approximation excellent. 





PROBLEM 7.118 

KNOWN: Dimensions of round jet array. Jet exit velocity and temperature. Temperature of paper. 


FIND: Drying rate per unit surface area. 

SCHEMATIC: 


D = 20 mm k ->\— S = 100mm 



ASSUMPTIONS: (1) Applicability of heat and mass transfer analogy. (2) Paper motion has a 
negligible effect on convection (u « V e ), (3) Air is dry. 

PROPERTI E S: Table A-4 , Air (300K, 1 atm): v = 15.89x10 ^ m 2 / s; Table A-6, Saturated water 

(300K): p A sat = Vg 1 = 0.0256 kg/m 3 ; Table A-8, water vapor-air (300K): D AB = 0.26xl0 _4 m 2 / s, 
Sc = 0.61. 


ANALYSIS: The average mass evaporation flux is 

n A = V (PA,s — PA,e ) = V PA,s 
For an array of round nozzles, 

Sh = 0.5 KG Re 273 Sc 0 42 

where Re = V e D/v = 20m/sx0.02m/15.89xl0 _6 m 2 / s = 25.170 and, with H/D = 10 and 
A r = 7T D 2 /4S 2 =0.0314, 


K 


1 + 


H/D 


A 6 


0.6/A 


1/2 


-0.05 


1 + 


10 


A 6 


1-0.05 


v 3-39 j 


: 0.723 


_ o a 1/2 1-2.2 Aj. 


1/2 


G = 2 A 


= 0.354- 


1-0.390 


l + 0.2(H/D-6)Aj /2 1 + 0.2(4)0.177 


= 0.189 


Hence, 


- D ar — 0.26x10 4 m“/s 

h m =-^ Sh =- 

D 0.02m 


.2/3/w,x0.42 


0.5x0.723x0.189(25,170f /J (0.6l) 


= 0.062 m/s 


The average evaporative flux is then 

n A = 0.062 m/ s (o.0256kg /m 3 ) = 0.0016kg / 


s-m 


COMMENTS: Note that, for maximum evaporation, the ratio D/H = 0. 1 is less than the optimum of 
D/H) = 0.2, as is S/H = 0.5 less than S/H) = 1.4. If H is reduced by a factor of 2 and S is 

7 op / op J 

increased by 40%, a near optimal condition could be achieved. 



PROBLEM 7.119 


KNOWN: Paper mill process using radiant heat for drying. 

FIND: (a) Evaporative flux at a distance 1 m from roll edge; corresponding irradiation, G (W/m ), 
required to maintain surface at T s = 300 K, and (b) Compute and plot variations of h mjX (x), (x), and 

G(x) for the range 0 < x < 1 m when the velocity and temperature are increased to 10 m/s and 340 K, 
respectively. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Heat-mass transfer analogy, (3) Paper slurry (water- 
fiber mixture) has water properties, (4) Water vapor behaves as perfect gas, (5) All irradiation absorbed 
by slurry, (6) Negligible emission from the slurry, (7) Re XjC = 5 x 10 5 . 

PROPERTIES: Table A.4 , Air (T f = 315 K, 1 atm): v = 17.40 x 10' 6 m 2 /s, k = 0.0274 W/m-K, Pr = 
0.705; Table A.8 , Water vapor-air (T f = 315 K): D AB = 0.26 x 10‘ 4 m 2 /s (315/298) 372 = 0.28 x 10 4 m 2 /s, 
Sc = V b /Dab = 0.616; Table A.6, Saturated water vapor (T s = 330 K): p A , sat = l/v g = 0.1134 kg/m 3 , h fg = 
2366 kJ/kg. 

ANALYSIS: (a) Recognize that the drying process can be modeled as flow over a flat plate with heat 
and mass transfer. For a unit area at x = 1 m, 

n A,x = hm,x (PA,s - PA,°o) = h m<x [pA,sat (Ts) _ 0ooPA,sat (Too)] (1) 

Evaluate Re x to determine the nature of flow, select a correlation to estimate h nLX , 

Re x = 000 X ^3 = (5m/sxlm)/l7.40xl0 -6 m 2 /s = 2.874xl0 5 . 

Since Re x < 5 X 10 5 , the flow is laminar. Invoking the heat-mass analogy, 

Sh x = hm ' xX = 0.332Rej/ 2 Sc 1/3 ( 2 ) 

Dab 

/ 1/2 

h m,x = (0.28xl0“ 4 m 2 /s/lm)x0.332(2.874xl0 5 ) “ (0.616) 173 = 4.24xl0~ 3 m/s . 
Hence, the evaporative flux at x = 1 m is 

n' A x = 4.24xl0~ 3 m/s (o. 1134kg/m 3 - 0 ) = 4.81xl0“ 4 kg/s ■ m 2 < 

From an energy balance on the differential element at x = 1 m (see above), 

G = ^conv + 4evap = (^s — Too ) + n A,x^fg ■ (3) 


Continued... 




PROBLEM 7.119 (Cont.) 


To estimate h x , invoke the heat-mass transfer analogy using the correlation of Eq. (2), 


h x ~~ h m ,x 




D 


AB 


V Sc J 


= 4.24x10 3 m/s 


0.0274 W/m-K 
0.28xlO -4 m“/s 


0.705 

0.616 


nI/3 


= 4.34 W/ m • K 


Hence, from Eq. (3), the radiant power required to maintain the slurry at T s = 330 K is 


G = 4.34w/m 2 K(330-300)K + 4.81xl0“ 4 kg/s-m 2 x2366xl0 3 J/kg 
G = (130 + 1138) w/m 2 = 1268 w/m 2 . 


(4) 


< 


(b) Equations (1), (3) and (4) were entered into the IHT Workspace. The Correlations Tool, External 
Flow, Local coefficients for Laminar or Turbulent Flow was used to estimate the heat transfer convection 
coefficient. The results for h m s (x), x (x) and G(x) were evaluated, and are plotted below for T s = 340 

K and = 10 m/s. 





COMMENTS: (1) The abrupt change in the parameter plots occurs at the transition, x c = 0.9 m. 






PROBLEM 7.120 


KNOWN: Geometry and air flow conditions for a water storage channel. 


FIND: (a) Evaporation rate, (b) Expression for rate of change of water layer depth and time required 
for complete evaporation. 


SCHEMATIC: 


A s = wL=2.7:L 



ASSUMPTIONS: (1) Steady-stae conditions, (2) Smooth water surface and negligible free stream 
turbulence, (3) Heat and mass transfer analogy is applicable, (4) Re x c = 5 x 10 , (5) Perfect gas 
behavior for water vapor. 

PROPERTIES: Table A-4 Air (25°C = 298K): v = 15.71 x 10" 6 rnVs; Table A-6, Water (25°C = 
298K): pA,sat = v g ^ = 0.0226 kg/iri^, pf = v^-' = 997 kg/n7; Table A-8, Water vapor-air (25°C = 

298K): Dab = 0.26 x 10" 4 m 2 /s, Sc = v/Dab = 0.60. 

ANALYSIS: (a) The evaporation rate is n A = h m A s (PA.sat - P a,°°) = h m (w xL) p A , sa t 
(l-^oo) • With 


Re L = Uoo L/v =5 m/sx25 m/15.71 xl0" 6 m 2 /s =7.96xl0 6 


Eq. 7.42 yields ShL = 


0.037 7.96x10 


4/5 


■871 


(0.6 ) 1/3 =9616 


h m =9616 Dab / L = 9616x 0.26 xlO " 4 m 2 /s/(25 m) = 0.010m/s. 

With w = 2z = 2m, 

n A =0.01 m/s (2mx25m)0.0226kg/m 3 (0.5) = 0.00565 kg/s = 20.3 kg/h. < 
(b) Performing a mass balance on a control volume about the water, 

—nA — rf^A st — ~(Pf V) — h m (2zL) Pa, sat (l — ^0°) — Pf z ^ 


dt 


— — PA.sat 

, — I1 m 
dt p f 

o 


(1-^oc). 


Integrating, I dz = -h in PA,Sat (1 -(|) M ) 1 dt 
z Pf 0 


t = : 


Zpf 


1 m x997 kg/m 


Pa, sat i-^oo 0.01 m/s x0.0226 kg/m 3 (1-0.5) 


= 8.82x10 s = 2451 h = 102 d. 


COMMENTS: Although the evaporation rate decreases with increasing time due to decreasing A s , 
dz/dt remains constant and the water depth decreases linearly. 



PROBLEM 7.121 


KNOWN: Mass change for a given time period of a solid naphthalene cylinder subjected to cross 
flow of air for prescribed conditions. 


FIND: (a) Mass transfer coefficient, h m , based upon experimental observations and (b) h m based 
upon appropriate correlation. 


SCHEMATIC: 


V =12. m/s _£> 

T a} =26°C -> 

Pa ,oo ~ 0 

p = 750.6mm Hg 



Pa,s>T=Z6 0 C 

'Naphtha I eve (A) 

Mass loss = 0.35x10 kg 
lime period = 37 win 

'Cyl inder 

D=13Amm t H-SQPrnm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible naphthalene vapor in free stream, (3) 
Heat-mass transfer analogy applies. 

PROPERTIES: Table A-4, Air (299K, 1 atm): v = 15.80 x 10 ^ m^/s; Table A-6, Naphthalene 

-5 2 

vapor-air (298K, 1 atm): Dab = 0.62 x 10 m Is; Naphthalene (given): M = 128.16 kg/kmol, p sa t = 
p x 10^ where E = 8.67 - (3766/T) with p[bar] and T[K]. 


ANALYSIS: (a) The rate equation for the sublimation of naphthalene vapor from the solid 
naphthalene can be written in terms of the mass transfer coefficient. 

n A 


^m - 


^s(pA,s PA,°o) 


( 1 ) 


where A s = 71D t From the mass loss and time observations 


Am 0.35x10 kg j 

n A = —— = — _ —— =1.50x10 kg/s. 


At 


39x60 s 


The saturation density of the vapor at the solid surface, Pa,s> can be determined from the perfect gas 
relation, 


PAs=C As m a = Psal( V . 
A,s A,s A (9 I/m a ) T s 


( 2 ) 


The saturation pressure, p sat , is given by 
Psat =pxl0 E 

where E = 8.67 - (3766/T) = 8.67 - (3766/299K) = -3.925 


(3) 


p =750.6 mm Hgx- 


1 N/trP 


lin 

-x-x- 


1 bar 


2.953xl0 _4 in Hg 25.4 mm ixlO 5 N/m 2 
or p sat =1-001 barxlO -3 ' 925 =1.190xl0 _4 bar. 


= 1.001 bar 


Continued 




PROBLEM 7.121 (Cont.) 


Substituting into Eq. (2), 
p A)S =1.190xl0 _4 bar/ 


8.314xl0' 2 m 3 bar/kmol-K 
128.16 kg/kmol 


X299K = 6.135 xlO^kg/m 3 . 


Using the parameters required for Eq. (1), the mass transfer coefficient is 


1.50xl0 _7 kg/s 


x m 


7t (l8.4xl0' 3 m) (88.9x10 3 m) 


6.135x10' 4 -0 


kg/nr 


hm = 4.76x10 2 m/s. < 

(b) Invoking the heat-mass transfer analogy and assuming a Prandtl number ratio of unity, Eq. 7.56 can 
be used to estimate h m , 

Sh D = -! ls£ = CRe” Sc". 

Dab d 

With 


Re D = 12 m/s(l8.4xl0 -3 )m/15.80xl0 _6 m 2 /s = 13,975 

it follows from Table 7.4 that C = 0.26 and m = 0.6. With 

Sc = v/D ab = 15 - 80x 10 -6 m 2 /s/0.62x 10 _5 m 2 /s = 2.55 
n = 0.37 and 

ShD =0.26(13,975 )°‘ 6 ( 2.55 )°‘ 37 =112.9 


h m = ShD 


d AB _ 112 9x () - 62x1() 5 m2 /s 

D 18.4X10 -3 m 


3.80X10 -2 m/s. 


< 


COMMENTS: The result from the correlation is 20% less than the experimental result. This may be 
considered reasonable in view of the uncertainties associated with the observations and the 
approximate nature of the correlation. 



PROBLEM 7.122 


KNOWN: Flow of dry air over a cylindrical medium saturated with water. 

FIND: (a) Mass rate of water vapor evaporated per unit length n A , when water-air is at 300 K, (b) 
Briefly explain change in mass rate if temperatures are at 325 K. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Heat-mass transfer analogy. 

PROPERTIES: Table A.4, Air (300 K, 1 atm): v = 15.89 x 10 6 m 2 /s, Pr = 0.707; Air (325 K, 1 atm): v 
= 18.41 x 10 6 m 2 /s, Pr = 0.703; Table A.8 , Water vapor-air (300 K): D AB = 0.26 x 10 4 m 2 /s; Table A.6, 
Water vapor (300 K, 1 atm): p A , sat = (v g ) _1 = (39.13 m 3 /kg) 1 = 0.0256 kg/m 3 ; Water vapor (325 K, 1 atm): 
p A ,sat = (Vg )' 1 = (11.06 m 3 /kg) 1 = 0.0904 kg/m 3 . 

ANALYSIS: (a) For cross-flow over a cylinder, Eq. 7.55, 

Sh D =CRe m Sc 1/3 ( 1 ) 

where m,n are taken from Table 7.2. Calculate the Reynolds number, Re D = VD/v = 15 m/s x 0.04 
m/15.89 x 10 6 m 2 /s = 37,760. With C = 0.193, m = 0.618, and Sc = v/D AB , 


Sh D =— 5]3 —= 0.193(37,760)°‘ 618 

d ab 


15.89xlO~ 6 m 2 /s/o.26xlO“ 4 m 2 /s 


1/3 


110.4 (2) 


h m = Sho D B /D = 110.4x0.26xl0 -4 m 2 /s/0.04m = 0.0717m/s 


The evaporation rate, with A s = 7rD ■ i , is 


n A — h m As (PA,s PA,°o) n A — n AA ; — hm^-D (p A ,s PA,°o) (3) 

n' A = 0.0717 m/s (^x 0.04 m) (0.0256-0) kg/m 3 = 2.31xl0 -4 kg/s • m < 


(b) The foregoing equations were entered into the IHT Workspace, and using the Properties Tools for air 
and water vapor thermophysical properties, the evaporation rate n A was calculated as a function of air- 
water temperatures (T s = T inf ). 


Continued... 



PROBLEM 7.122 (Cont.) 



As expected, the evaporation rate increased with increasing temperature markedly. For a 50 K increase, 
the evaporation rate increased by a factor of approximately 12. 

COMMENTS: (1) What parameters cause this high sensitivity of to T s ? From the IHT analysis, 
we observed only modest changes in D A b (0.26 to 0.33 x 10 4 m 2 /s) and h m (0.07273 to 0.0779 m/s) over 
the range 300 to 350 K. The density of water vapor, p^ s , however, is highly temperature dependent as 
can be seen by examining the steam tables, Table A.6. Find p^ s (300 K) = 0.02556 kg/m 3 while p^ s 
(350 K) = 0.260 kg/m 3 , which accounts for more than a factor of 10 change. 

(2) A copy of the IHT Workspace used to perform the analysis is shown below. 

// The Mass Transfer Rate Equation: 

n'A = hmbar * pi * D * (rhoAs - 0 ) // Eq (3) 

n'A_plot = 1e4 * n'A // Scale change for plotting 

// Mass Transfer Coefficient Correlation: 

ShDbar = C * ReD A m * Sc A (1/3) // Eq (1,2) 

ShDbar = hmbar * D / DAB 

C = 0.193 //Table 7.2, 4000 <= ReD <= 40000 

m = 0.618 

ReD = uinf * D / nu 

Sc = nu/DAB 

// Properties Tool - Water Vapor: 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

xs = 1 // Quality (0=sat liquid or 1=sat vapor) 

rhoAs = rho_Tx("Water",Ts,xs) // Density, kg/m A 3 

// Properties Tool - Air: 

// Air property functions : From Table A.4 
// Units: T(K); 1 atm pressure 

nu = nu_T("Air",Tf) // Kinematic viscosity, m A 2/s 

// Properties, Table A.8, Water Vapor - Air: 

DAB = 0.26e-4 * ( Tf / 298 ) A 1.5 // Table A.8 

Tf = (Ts + Tint) / 2 

// Assigned Variables: 

Ts = 300 // Surface temperature, K 

D = 0.040 // Diameter, m 

uinf =15 // Airstream velocity, m/s 

Tint = Ts // Airstream temperature, K 




PROBLEM 7.123 


KNOWN: Dry air at prescribed temperature and velocity flowing over a long, wetted cylinder of 
diameter 20 mm. Imbedded electrical heater maintains the surface at T s = 20°C. 


FIND: (a) Water evaporation rate per unit length (kg/h-m) and electrical power per unit length Pg 

(W/m) required to maintain steady-state conditions, and (b) The temperature of the cylinder after all the 
water has evaporated for the same airstream conditions and heater power of part (a). 


SCHEMATIC: 


£j3ry aiQ 

35 °C 
V = / \ 5 m/s 




■’evap 



A 


cylinder, 

D = 20 mm 



(a) Water film (b) Dry surface 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties and (3) Heat-mass transfer 
analogy is applicable. 


PROPERTIES: Table A.4 , Air (T f = (T s +T 00 )/2 = 300 K, 1 atm): p = 1.16 kg/m 3 , c p = 1007 J/kg-K, 

k = 0.0263 W/m-K, v = 15.94 x 10 6 m 2 /s, a = 2.257 x 10 5 m 2 /s, Table A.6, Water (T s = 20°C = 293 K): 
p A , s - l/v g - 1/59.04 = 0.0169 kg/m 3 , h fg - 2454 kJ/K; Table A.8, Water-air (T f = 300 K): D AB = 0.26 x 
10 4 m 2 /s. 


ANALYSIS: (a) Perform an energy balance on the cylinder, 

Pin — Pout “ b — 4conv — Oevap — 0 

where the convection and evaporation rate equations are, 

Oconv = hjyTTD (T s — ) 

4evap = n Abfg = hm^P(PA,s — PA,°o)hfg 

The convection coefficient can be estimated from the Churchill-Bernstein correlation, Eq. 7.57, 

o / o ~14 / 5 
f Re r ^ 3/8 


Nuq =0.3 + - 


0.62 Rep 2 Pr 173 


\2/3 


VD 


Re D - 


Nuq =0.3 + 


l + (0.4/Pr) 

15 m/s X 0.020 m 
15.94xl0 -6 m 2 /s 


1/4 


1 + 


v 282,000 j 


= 18,821 


0.62(18,821) 1/2 (0.707) 1/3 


1 +(0.4/0.707) 


2/3 


1/4 


1 + 


18,821 

282,000 


\3/8 


4/5 


= 76.5 


(1) 

( 2 ) 

(3) 


k - 0.0263W/— -K x76 5 = 101 w/m 2. K 

D 0.020 m 


Continued... 



PROBLEM 7.123 (Cont.) 


Evoking the heat-mass analogy. Eq. 6.92, with n = 1/3 


h D 

- -P C P 


r y-2/3 
a ' 


V d ab j 


= 1.16kg/m 3 xl007 j/kg • K 


( -5 2/3^3 

2.257x10 m/s 
v 0.26x10 4 m 2 /s y 


= 1284 J/ m • K 


h m = 101 w/ m 2 ■ K/l284j/m 3 ■ K = 0.0787 m/s 
Substituting numerical values, the energy balance, Eq. (1), 

.2 


P e -101W/m z -Kx^x0.020m(20-35)K 

- 0.0787 m/s x^x 0.020 m (0.0169 -0) kg/m 3 x 2454 xlO 3 J/kg • K = 0 


P e =-95.1W/m + 205.1W/m = 110W/m < 

The evaporation rate is 

n A = h m nD (p A s -p A-00 ) = 0.0787m/s^x0.0020m(0.0169 -0)kg/m 3 = 0.301 kg/h • m < 


(b) When the cylinder is dry, the energy balance is 

^e = h D 2TD (T s — Too) 

T s = Too + Pe/h D ^D = 35°C+110' W/mj (lOlw/m 2 ■ K^x0.020m) = 52.3°C < 

COMMENTS: Using IHT Correlations Tool, External Flow, Cylinder, the calculation of part (b) was 
performed using the proper film temperature, T f = 316.8 K, to find hp) = 99.4 W/m 2 K and T s = 52.6°C. 



PROBLEM 7.124 


KNOWN: Dry air at prescribed temperature and velocity flows over a rod covered with a thin porous 
coating saturated with water. The ends of the rod are attached to heat sinks maintained at a constant 
temperature. 

FIND: Temperature at the midspan of the rod and evaporation rate from the surface using a steady-state, 
finite-difference analysis. Validate your code, without the evaporation process, by comparing the 
temperature distribution with the analytical solution of a fin. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in rod, (3) Constant 
properties, and (4) Heat-mass transfer analogy is applicable. 

PROPERTIES: Table A.4, Air (Tf , see Eq. (2); 1 atm): p, c p , k, a, Pr; Table A.6, Water (T m = T sat , m , 1 
atm): p A<sat = l/v g , h fg ; Table A.8, Water Vapor-Air (T f , 1 atm): D AB - D AB (298 K) x (T f /298) 1 ' 5 . 

ANALYSIS: As suggested, the 10-node network shown above represents the half-length of the system. 
Performing an energy balance on the control volume about the m-th node, the finite-difference equation 
for the system is derived. 

p in = 0 

Oa — Qevap + Qb + Oc = 0 

kA c Tm ^~ Tm ="A.mhfg.m +M>Ax(T 00 -T m ) + kA c Tm ^~ T|n =0 (1) 

where the cross-sectional area and perimeter are A c = 7 tD 2 /4 and P = TtD, respectively. The average heat 
transfer coefficient h can be evaluated using the Churchill-Bernstein correlation, Eq. 7.57, evaluating 
thermophysical properties at an average film temperature for the system, 

Tf =[(T 1 +T b )/2 + T 00 ]/2 (2) 


The evaporation rate from Eq. (1) can be expressed as 
n A,m=h D ,m PAx (PA,s,m- 0 ) 


where hjy m can be determined from the heat-mass analogy, Eq. 6.92, with n = 1/3, 



P c p 



(3) 

(4) 


Continued... 








PROBLEM 7.124 (Cont.) 


where all properties are evaluated at Tf . The density of water vapor, p s m , as well as the heat of 
vaporization, hfg m , must be evaluated at the nodal temperature T m . 

Using the IHT Correlation Tool, External Flow, Cylinder, an estimate of hjy = 101 W/m 2 K was 
obtained with Tf = 298.5 K (based upon assumed value of Ti = 27°C). From the analogy, Eq. (4), find 
that hp) ,m -0 .0772 m/s. Using the IHT Workspace, the finite-difference equations, Eq. (1), were 
entered and the temperature distribution (K, Case 1) determined as tabulated below. Using this same 
code with hpj m = 1.0 x 10 10 m/s, the temperature distribution (K, Case 2) was obtained. The results 

compared identically with the analytical solution for a fin with an adiabatic tip using the IHT Model, 
Extended Surface, Rectangular Pin Fin. 

Case Ti T 2 T 3 T 4 T 5 Tg T 7 Tg T 9 T 10 Tb < 

1 287 287.2 287.6 288.3 289.4 290.9 292.9 295.4 298.6 302.7 308 

2 300.3 300.4 300.6 300.9 301.4 302.1 302.8 303.8 305 306.4 308 

The evaporation rate obtained by summing rates from each nodal element including node b is 

n A,tot = l-08xl0 - ^ kg/s < 

COMMENTS: A copy of the IHT Workspace used to perform the above analysis is shown below. 

// Nodal finite-difference equations (Only Nodes 1, 2 and 10 shown): 

k * Ac * (T2 - TI) / delx - mdotl * hfgl + hbar * P * delx * (Tint - TI) + k * Ac * (T2 - TI) / delx = 0 
mdotl = hmbar * P * delx * rhoAl 

k * Ac * (T3 - T2) / delx - mdot2 * hfg2 + hbar * P * delx * (Tint - T2) + k * Ac * (TI - T2) / delx = 0 
mdot2 = hmbar * P * delx * rhoA2 


k * Ac * (Tb - T10) / delx - mdotIO * hfgl 0 + hbar * P * delx * (Tinf - T10) + k * Ac * (T9 - T10) / delx = 0 
mdotl 0 = hmbar * P * delx * rhoAl 0 

// Evaporation Rate: 

mtot = mdotl/2 + mdot2 + mdot3 + mdot4 + mdot5 + mdot6 + mdot7 + mdot8 + mdot9 + mdotIO + mdotb 
mdotb = hmbar * P * delx/2 * rhoAb 


// Properties Tool - Water Vapor, rhoAm and hfgm 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 
x = 1 

rhoAl = rho_Tx("Water",T1 ,x) 
hfgl = hfg_T(”Water",T1) 
rhoA2 = rho_Tx("Water",T2,x) 
hfg2 = hfg_T(''Water",T2) 


// Quality (0=sat liquid or 1=sat vapor) 

// Density, kg/m A 3 

// Pleat of vaporization, J/kg 

// Density, kg/m A 3 

// Pleat of vaporization, J/kg 


rhoAl 0 = rho_Tx("Water",T10,x) 
hfgl 0 = hfg_T("Water”,T10) 
rhoAb = rho_Tx("Water",Tb,x) 
hfgb = hfg_T(”Water'',Tb) 


// Density, kg/m A 3 

// Pleat of vaporization, J/kg 

// Density, kg/m A 3 

// Pleat of vaporization, J/kg 


// Assigned Variables 

Ac = pi * D A 2 /4 
P = pi * D 
D = 0.020 
delx = 0.125/10 
k= 175 
Tb = 35 + 273 
Tinf = 20 + 273 
hmbar = 0.07719 
hbar = 101 


// Cross-sectional area, m A 2 

// Perimeter, m 

// Diameter, m 

// Spatial increment, m 

//Thermal conductivity, W/m.K 

// Base temperature, K 

// Fluid temperature, K 

// Average mass transfer coefficient, m/s 

// Average heat transfer coefficient, W/m A 2.K 







PROBLEM 7.125 


KNOWN: The dimensions of a cylinder which approximates the human body. 

FIND: (a) Heat loss by forced convection to ambient air, (b) Total heat loss when a water film covers 
the surface. 


SCHEMATIC: 

V -10 m/s -> 

To =ZO°C —> 

0 - 0.6 



m 

—Approximation to 
human body with 
and without water 
f ilm (A) ) T S = 50°C 


ASSUMPTIONS: (1) Direct contact between skin and air (no clothing), (2) Negligible radiation 
effects, (3) Heat and mass transfer analogy is applicable, (4) Water vapor is an ideal gas. 

PROPERTIES: Table A-6, Water (30°C = 303 K): p A ,sat = v” 1 = 0.0336 kg/m 3 , h fg = 2431 

kJ/kg; Water (20°C = 293K): p A sat = 0-017 kg/m ; Table A-4, Air: (Too = 20°C = 293K): v = 15.27 
6 2 3 6 

x 10 m /s, k = 25.7 x 10 W/m-K, Pr = 0.71; Table A-8, Water vapor-air (300K): Dab = 26 x 10 

nT/s, Sc = v/Dab = 0.59. 

ANALYSIS: (a) The heat rate is 
q = h( 7 tDL) (T s -T to ). 


With 


Re D 


VD 

v 


(10 m/s) (0.3 m) c 

--— =0- = 1.96x 10 5 

15.27x10"° in /s 


obtain h from Eq. 7.56, where n = 0.37 and, from Table 7.4, C = 0.26 and m = 0.6, 


— / 5\°-6 

Nup) = 0.6M.96x10° j 


(O71) 0 . 37 ( 0 . 71 / 0 . 7 1 ) 0 ' 25 =343. 


Hence 

and 


r — k 25.7xlO -3 W/m-K nnA „ TI 2 „ 

h = NuD — = 343x-=29.4W/m -K 

D 0.3 m 

q = 29.4 W/m 2 ■ K (Tcx0.3mxl.75m) (30-20)° C = 485 W. 


< 


(b) The total heat loss with the water film includes latent, as well as sensible, contributions and may be 
expressed as 

q = h(;tDL) (T s -T 00 ) + h A h fg 

where h A = h m (*DL) [p A ,sat (Ts) P A,oo] 

PA,sat (T s ) =0.0336 kg/m 3 p Aoo = ^p A , sat (Too ) = 0.6(0.017) = 0.010 kg/m 3 . 


Continued 





PROBLEM 7.125 (Cont.) 

The convection mass transfer coefficient may be obtained from Eq. 6.92 or by expressing the mass 
transfer analog of Eq. 7.56. Neglecting the Pr ratio, the analogous form is 

ShD = 0.26 Re^ 6 Sc 0 37 

ShD =0.26 (l.96xl0 5 )°' 6 (0.59) 0 - 37 =320. 


Hence 


- _ T 0n D ab _ 320x0.26x10 4 m 2 /s 
n j-v-i — d z\) — 

D 0.3 m 


= 0.028 m/s. 


The evaporation rate is then 

h^=0.028m/s (ti x0.3 mxl.75 m) [0.0336-0.010] kg/m 3 
ri^ =1.09x10 3 kg/s. 


Hence, 

q =485 W +1.09xl0" 3 kg/sx2.431xl0 6 J/kg 
q =485 W +2650 W = 3135 W. 


< 


COMMENTS: The evaporative (latent) heat loss dominates over the sensible heat loss. Its effect 
often felt when stepping out of a swimming pool or other body of water. 



PROBLEM 7.126 


KNOWN: Horizontal tube exposed to transverse stream of dry air. 

FIND: Equation to determine heat transfer enhancement due to wetting. Evaluate enhancement for 
prescribed conditions. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Heat-mass transfer analogy applicable, (3) Water 
vapor behaves as perfect gas. 

PROPERTIES: Table A-4, Air (310K, 1 atm): p = 1.1281 kg/nf\ c p = 1007.4 J/kg, v = 16.90 x 
-62 -42 

10 m Is, Pr = 0.706; Table A-8, Air-water vapor mixture (310K): Dab = 0.26 x 10 m /s, Sc = 

3 

Vr/Dab = 0.650; Table A-6, Saturated water vapor (320K): Pa, sat = l/v g = 0.07153 kg/m , hf g = 
2390 kJ/kg. 

ANALYSIS: The enhancement due to wetting can be expressed as the ratio of the wet-to-dry 
cylinder heat fluxes. 

r/ * * » 
q w _ ^conv + c levap _ ^ ^ Oevap 

rr rr rr 

Od Oconv c lconv 

where 

Oconv = h(T s - ) Oevap =I ^Ahfg = h m ( Pa,s _ pA,°°)hfg = h m PA,sat hfg- 

Invoking the heat-mass transfer analogy, using Eq. 6.92, find 

jL = ( P c p ) B Le 1_n =( P c p ) B (Sc/Pr) 2/3 


assuming n = 1/3 with Pa,oo = 0, find 


// 

0 w 

// 

0 d 


1 + 


(p c p ) B (Sc/Pr) 


2/3 


-1 


PA,sat hfg 

(Ts-Too) ' 


< 


Substituting numerical values, the enhancement is 


Qw 

// 

fid 


= 1 + 


f k2 J 

1.1281—X1007.4— 

V m 3 


kg 


0.650 

0.706 


\2/3 


i-l 


0.07153 kg/m 3 x 2390xl0 3 J/kg 


(320-300) K 


= 9.0. 


COMMENTS: For the prescribed conditions, the effect of wetting is to enhance the heat transfer by 
nearly an order of magnitude. Will the enhancement increase or decrease with increasing T s ? 



PROBLEM 7.127 


KNOWN: Moisture-soaked paper is cylindrical form maintained at given temperature by imbedded 
heaters. Dry air at prescribed velocity and temperature in cross flow over cylinder. 

FIND: (a) Required electrical power and the evaporation rate per unit length, qg Va p and n A , 

respectively, and (b) Calculate and plot c\ and n A as a function of dry air velocity 5 < V < 20 m/s and 
paper temperatures of 65, 70 and 75°C. 


SCHEMATIC: 


air 


Too~ 20 °C 
V = 10 m/s 
d> =0 

'rvi 



Moisture-soaked paper 
cylinder, D = 0.15 m, T s = 70 °C 


9 elec f 


ASSUMPTIONS: (1) Steady-state conditions, (2) Heat-mass transfer analogy applicable, (3) Negligible 
radiation effects. 


PROPERTIES: Table A.4 , Air (T. = 20°C = 293 K, 1 atm): p = 1.1941 kg/m 3 , c p = 1007 J/kg-K, k = 
25.7 x 10 3 W/m-K, v = 15.26 x 10 6 m 2 /s, Pr = 0.709; (T s = 70°C = 343 K): Pr s = 0.701; Table A.6, Sat. 
water vapor (T s = 70°C = 343 K): p A , s = l/v g = 0.196 kg/m 3 , h fg = 2334 x 10 3 J/kg; Table A.S, Air-water 
vapor mixture (T f = (T„ + T s )/2 = 318 K, 1 atm): D AB = 0.26 x 10 4 m 2 /s(318/298) 3/2 = 0.29 x 10‘ 4 m 2 /s. 


ANALYSIS: (a) From an energy balance on the cylinder on a per unit length basis, 


Oelec — h(T s T 00 ) + hm(PA,s PA,°°)hfg (1) 


Oelec — 9conv + Ocvap 

where p A oo = 0. the freestream air is dry, and p A , s = PA.sat (T s )- To estimate h, find 

ReD= yD = J0mAx0_15m_ = 98 2% (2) 


v 15.26xl0“ 6 m 2 /s 


and using the Zhukauskus correlation, from Table 7.4: C = 0.26, m = 0.6, and n = 0.37, 

Nud = — = 0.26 Re 0 6 Pr 0 ' 37 (Pr/Pr s ) 0 ' 25 

k 


(3) 


h = Q - Q257W / m K x0 26 ( 98 ,296) 0 ' 6 (0.709)°‘ 37 (0.709/0.701) 0 ' 25 = 38.9 w/m 2 ■ K. 


0.15m 

Using the heat-mass analogy with n = 1/3, find 

\2/3 


h/h m = (Pcp ) B (Sc/Pr) 2/3 = (pc p ) r (v/D ab /P r) 2/3 
h m = 38.9 w/m 2 • k/ (l,1941kg/m 3 xl007 j/kg- k| 


(4) 


15.26x10 6 m 2 /s/0.29x10 4 m 2 /s 
0.709 


n2/3 


h m =0.03946 m/s. 

Hence, the electric power requirement is 


9elec = KX 0.15 m 


38.9 W/m 2 • K (70 - 20)K + 0.03946 m/s (0.196 - 0)kg/m 3 x2334x 10 3 j/kg 


Continued... 



PROBLEM 7.127 (Cont.) 


qelec = (917+ 8507)W/m = 9424W/m (5) < 

(b) The foregoing equations were entered into the IHT Workspace, and using the Properties Tools, for air 
and water vapor required thermophysical properties, the required electrical power, q , and evaporation 

rate, , were calculated as a function of dry air velocity for selected water temperatures. 




- Ts = 65 C 

^5— Ts = 70 C 
-a- Ts = 75 C 


- Ts = 65 C 

-e- Ts = 70 C 
a Ts = 75 C 


COMMENTS: (1) Note at which temperatures the thermophysical properties are evaluated. 

(2) From Equation (5), note that the evaporation heat rate far exceeds that due to convection. 

(3) From the plots, note that both q^ec an d n A are neaf ly proportional to air velocity, and increase 
with increasing water temperature. 





PROBLEM 7.128 


KNOWN: Dry-and wet-bulb temperatures associated with a moist airflow through a large diameter 
duct of prescribed surface temperature. 

FIND: Temperature and relative humidity of airflow. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Conduction along the thermometers is negligible, 
(3) Duct wall forms a large enclosure about the thermometers. 

PROPERTIES: Table A-4 , Air (318K, 1 atm): v = 17.7 x It)" 6 m 2 /s, k = 0.0276 W/m-K, Pr = 0.70; 

f\ 1 

Table A-4 , Air (298K, 1 atm): v = 15.7 x 10" m /s, k = 0.0261 W/m-K, Pr = 0.71; Table A-6, 

3 

Saturated water vapor (298K): Vg = 44.3 m /kg, hfg = 2442 kJ/kg; Saturated water vapor (318.5K): 

Vg = 15.5 nkVkg; Table A-8, Water vapor-air (298K): Dab = 0-26 x 10 ^ nT7s, Sc = 0.60. 

ANALYSIS: Dry-bulb Thermometer. Since T d b > T s , there is net radiation transfer from the surface 
of the dry-bulb thermometer to the duct wall. Hence to maintain steady-state conditions, the 

thermometer temperature must be less than that of the air (T t ||-, < Too) to allow for convection heat 

transfer from the air. Hence, from application of a surface energy balance to the thermometer, q C onv 

= q ra d, or, from Eqs. 6.4 and 1.7, 

h^db (Too — T^b) = e g ^db* 7 (T db — T s j. 

The air temperature is then 

T„=T clb+ ( £g c7/h)(T d 4 b -T s 4 ) (1) 

where h may be obtained from Eq. 7.56. 

Wet-bulb Temperature'. The relative humidity may be obtained by performing an energy balance on 
the wet-bulb thermometer. In this case convection heat transfer to the wick is balanced by 
evaporative and radiative heat losses from the wick, 


Oconv — ^levap + ^rad Oevap _n A^wbhfg — h m [PA,sat (T\vb ) 0ooPA,sat (Too )] A wb hfg • 
hA wb (Too ~T wb ) = h m [Pa, sat (Twb ) - 0°oPA,sat (Too)] A wb hfg + £ w^wb <7 (T wd — T s j 

: jpA,sat (T\vb) + £ w^(T wb ~T s ) —h^—T wb ) /hfgh m |/PA,sat (Too) (2) 


0O 


where h m may be determined from the mass transfer analog of Eq. 7.56. 
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PROBLEM 7.128 (Cont.) 

Convection Calculations: For the prescribed conditions, the Reynolds number associated with the 
dry-bulb thermometer is 

R e D(db) = VD bb / V = 5 m/sx0.003 m/17.7xlO" 6 m 2 /s = 847. 

Approximating the Prandtl number ratio as unity, from Eq. 7.56 and Table 7.4, 

NuD(db) =CRe“ ,Pr n =0.51(847 )°- 5 (0.70) 0 - 37 =13.01 


h = 13.01- 


'D(db) 

: 13 . 01 Q'Q276 W/m K _ 12Q w/m 2 . K 


(318 4 -308 4 )k 4 =45°C + 0.55°C = 45.6°C. < 


D bb 0.003 m 

From Eq. (1) the air temperature is 

m _k°p , 0.95x5.67xl0 _8 W/m 2 K 4 

loo C H ~z 

120 W/m 2 K 

The relative humidity may now be obtained from Eq. (2). The Reynolds number associated with the 
wet-bulb thermometer is 

Re D(wb) = VD wb /v=5 m/sx0.004m/15.7xl0' 6 m 2 /s = 1274. 

From Eq. 7.56 and Table 7.4, it follows that 

NuD(wb) =0.26(1274) 0 - 6 (0.71) 0 ' 37 =16.71 

h = 16.71—^— = 16.71 0-0261 W/m K = 109 W/m 2 ■ K. 


D wb 0.004 m 

Using the mass transfer analog of Eq. 7.56, it also follows that 


ShD(wb) =0.26Re^ wb ^Sc UJ/ = 0.26 (1274) UO (0.6) UJ/ =15.7 

r lr .D AR 15.7x0.26xl0“ 4 m 2 /s 0 1/v , , 

h m = 15.7—^2- =-= 0.102 m/s. 

D wb 0.004 m 

Also, p A sat (T wb ) = v g (298 K) _1 =|44.3m 3 /kgj =0.0226 kg/m 3 

PA.sat (T^) = v g (318.5 K) _1 = (l5.5 m 3 / kg) 1 = 0.0645 kg/m 3 . 
Hence the relative humidity is, from Eq. (2) 


0.37 


0 . 6 , 


\0.37 


0.0226 kg/rn + 


0.95x5.67x10 8 W/m 2 

■k 4 | 

(A d 

298 4 - 308 4 

)k 4 -109W/m 2 K (45.55-25) K 

1 

2.442xl0 6 J/kgjl 

(0.102 m/s) 


/ 0.0645 kg/rn 


0oo=O.21 


COMMENTS: (1) The effect of radiation exchange between the duct wall and the thermometers is 
small. For this reason Too = T c ] b . (2) The evaporative heat loss is significant due to the small value of 
0oo, causing T wb to be significantly less than Too. 



PROBLEM 7.129 


KNOWN: Velocity, diameter and temperature of a spherical droplet. Conditions of surroundings. 

FIND: (a) Expressions for droplet evaporation and cooling rates, (b) Evaporation and cooling rates for 
prescribed conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible temperature gradients in the drop, (2) Heat and mass transfer 
analogy is applicable, (3) Perfect gas behavior for vapor. 

PROPERTIES: Table A-4, Air (Too = 298K, 1 atm): v = 15.71 x 10 " 6 m 2 /s, k = 0.0261 W/mK, Pr 
= 0.71; Table A-6, Water (T = 40°C): PA,sat = 0.050 kg/m 3 , hfg = 2407 kJ/kg, pf = 992 kg/m\ Cpj 

= 4179 J/kg-K; (Too = 25°C): p A sat = 0.023 kg/m 3 ; Table A-8, Water vapor-air (298K): Dab = 0.26 
-4 2 

x 10 m Is. 

ANALYSIS: (a) The evaporation rate is given by 

riievap = V^s ( PA,s - PA,°o) =h m 7tD [pA,sat (T)~ <|>oopA,sat (Too)]- ^ 

The cooling rate is obtained from an energy balance performed for a control surface about the droplet, 

Est = “9 out = _ ( c lconv + C 1 rad + c levap) 


\ 

c p, t E = _A s h (Ts _ ^) +£<3 (T s - T sur j + lii eV aph fg 


d 

TtD 3 

dt 

V 

P( g c p ,1 

2 

= tiD , it follows 

dT 

6 

dt 

Pf c p,fD 


- h (T s T 00 )+£o(T s T sur j+ m eva phfg . 

dt PfC p /D L \ I 

(b) To obtain h m , the mass transfer analog of the Ranz-Marshall correlation gives 


where 


ShD = 2 + 0.6Rep 2 Sc 1/3 


D VD 7 m/s xO.003 m _ v 15.71x10 6 _ „ 

Rep) = = -t — = —=1337, Sc = = - ^=0.60. 

v 15.71x10"° m 1 /s Dab 26xl0 _b 
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PROBLEM 7.129 (Cont.) 


Hence 


— 1/9 i /'i 

ShD = 2 + 0.6(1337) (0.6) = 20.5 


0.26X10 -4 m 2 /s 


h m = ShD —= 20.5 

D 0.003 m 


= 0.18 m/s 


m ev ap =0-18 m/s 7t (0.003 m) z [0.05 -0.6x.023]kg/m J = 1.82xl0 _7 kg/s. 
The evaporative heat flux is then 


flevap 


qevap _ meyaphfg _ 1.82x 10~ 7 kg/ S (2.407xl0 6 J/kg) 


A 


s 71 (0.003 m)" 

2 


flevap = 15,494 W/m A 

Using the heat transfer correlation, the Nusselt number is 

J/2 


J/3 


Nud = 2 + 0.6Re^ 2 Pr 1/3 = 2 +0.6(1337) 1 '^ (0.71) 1 ' J = 21.58. 


Hence 

and the sensible heat flux is 


r — k 0.0261 W/m-K 2 

h = Nud — = 21.58-= 188 W/m-K 

D 0.003 m 


flconv = h(T-T 00 ) = 188 W/m 2 ■ K(40 - 25)° C 
q'conv = 2815 W/m 2 . 


The net radiative flux is 

qrad =ea (t 4 -T 4 ur )-0.95x5.67xl0 -8 
flrad =146 W/m 2 -K. 


W/m 2 ■ K 4 


313 4 -288 4 


K 4 


Hence — =-----(2815 +146 +15,494) W/m 2 

dt 992 kg/m 3 x4179 J/kg -K(0.003 m) 

— = -8.9 K/s. < 

dt 


COMMENTS: (1) Evaporative cooling provides the dominant heat loss from the drop. (2) To test 
the validity of assuming negligible temperature gradients in the drop, calculate 


Bi ! 


I'eff ( r o 


/ 3 ) 


where h eff = qtot = 18,455 = 738 W/m 2 ■ K. 


T -T„ 


25 


From Table A-6, k/ =0.631 W/m -K, hence 

738 W/m 2 ■ K(0.0005 m) 

Bi »-1= 0.58. 

0.631 W/m-K 

Hence, although suspect, the assumption is not totally unreasonable. 



PROBLEM 7.130 


KNOWN: Cranberries with an average diameter of 15 mm rolling over a fine screen. Thickness of 
the water film is 0.2 mm. 

FIND: Time required to dry the berries exposed to heated air with a velocity of 2 m/s and temperature 


of 30°C. 

SCHEMATIC: 



To, = 30°C 
V = 2 m/s 


O ; • 

t t i t t t 


Berry, D = 15 mm, 
water film, 0.2 mm thick 


Fine screen 


ASSUMPTIONS: (1) Steady-state conditions, (2) Air stream is dry, (3) Water film on the berries is 
also at 30°C, (4) Convection process is uniform over the exposed surface, and (5) Heat-mass analogy 
is applicable. 

PROPERTIES: Table A-6, Water (T f = 30°C = 303 K): p A f =995.8 kg/m 3 , p A , g = 0.02985 

kg/m 3 ; Table A-8, Water-air (T f = 303 K, 1 atm): D A b = 0.26 x 10' 4 m 2 /s (303/298) 1 ' 5 = 

2.67 x 10' 5 m 2 /s; Table A-4, Air (T f = 303 K, 1 atm): p = p s = 1.86 x 10' 5 N s/m 2 , v = 1.619 x 10' 5 
m 2 /s, a = 2.294 x 10' 5 m 2 /s, k = 0.02652 W/m-K, Pr = 0.861. 

ANALYSIS: The evaporation rate of water from the berry surface is given by the rate equation, 

n = h m A s (pa,s — PA,°o ) (1) 

2 — 

where A s = 7tD and h m is determined using the heat-mass analogy, Eq. 6.67, 



h m Dab 

where Le = cx/D A b and typically n = 1/3. The heat transfer coefficient h is estimated with the 
Whitaker correlation, Eq. 7.59, 


( 2 ) 


rr— hD „ 
Nu n — — — 2 + 
D k 


0.4 Re^ /2 + 0.06 Re 2 / 3 


Pr°' 4 (p/p s ) 


1/4 


(3) 


Substituting numerical values, find 

VD 2 m/sx0.015 m 
Re p) =-=--—-— = 1853 


V 


Nup) =2 + 


1.86xl0~ 5 m 2 /s 
0.4(l853) 1/2 + 0.06 (1853) 2/3 1 x (0.707 )°‘ 4 xl = 24.9 


h = 24.9x0.02652 W/m K/0.015 m = 43.4 W/m z K 


and using the heat-mass analogy, 

h m =43.4 W/m 2 Kx(2.67xl0 _5 m 2 /s/0.02652 W/m- k)x( 0.861) 1/3 
h m =0.0420 m/s 


Continued 















PROBLEM 7.130 (Cont.) 


where 

Le =a/D AB = 2.294xl(T 5 m 2 /s/2.667 xl(T 5 m 2 / s = 0.861 
Using Eq. (1), the evaporation rate is 

n =0.0420 m/sx^(0.015 m) 2 /4^(0.02985-0)kg/m 3 = 8.87xl0“ 7 kg/s 

The time, t G , required to evaporate the water film of thickness 6 = 0.2 mm is 
nt 0 = Mfq m = Pa,/ (^D)<5 

t Q =995.8 kg/m 3 (ttxO. 015 m)x0.0002 m/8.87xl0“ 7 kg/s 

t Q = 159 s < 



PROBLEM 7.131 


KNOWN: Spherical droplet at prescribed temperature and velocity falling in still, hotter dry air. 
FIND: Instantaneous rate of evaporation. 


SCHEMATIC: 



wafer drop lerh } 
D= OStt/tti 


ASSUMPTIONS: (1) Steady-state conditions, (2) Heat-mass transfer analogy applicable. 


PROPERTIES: Table A-4, Air (Too = 100°C = 373K, latm): p = 0.9380 kg/m , c p = 1011 J/kg-K, 

6 2 * 
k = 0.0317 W/m-K, v = 23.45 x 10" m7s, Pr = 0.695; Table A-6, Sat. water (T s = 60°C = 333 K): 

3 3 

p i = 1 / vn = 983 kg/m , Pa,s = 1/vf = 0.129 kg/m ; Table A-8, Air-water vapor mixture (Too = 

-4 2 3/2 -4 2 

373K, 1 atm): Dab = 0-267 x 10 m /s (373/298) = 0.36 x 10 m /s. 

ANALYSIS: The instantaneous evaporation rate is 

^A = V^s (PA,s ~ PA,°o ) 

2 - 
where A s = 7iD , p a°o = 0 and Pa, s = PA,sat (Ts)- To estimate h m use the Whitaker correlation, 

written in terms of mass transfer parameters and with p/p s ~ 1, 


ShD =^m2-= 2 + (o.4Re 1 / 2 + 0.06Re 2/3 )sc°‘ 4 
Dab 1 D D ’ 


0.36X10 -4 m 2 /s 


un 


2+(0.4(45.8) 1/2 +0.06(45.8) 2/3 


x 0.651' 


0.4 


where 


0.0005 m 

VD 2.15 m/s x 0.0005 m 

Re D =-=-fi— o- = 45 - 8 

v 23.45x10"° mr /s 

Sc=v/Dab = 23.45X10 -6 m 2 /s/0.36xl0 4 m 2 /s = 0.651. 


: 0.355 m/s 


Hence, the evaporation rate is 


n A =0.355 m/sX7t (0.0005 m)^(0.129-0)kg/m° =3.60xl0 -8 kg/s. 


COMMENTS: If this evaporation rate were to remain constant with time, the droplet of mass M 
would be completely evaporated in 

p £ (4 ti D 3 / 3) 983 kg/m 3 ( 4k (0.0005 m) 3 / 3 ) 

At = M/ri A = —--- =- 2 -- L = 14.3 s. 

n A 3.60X10 -8 kg/s 

To determine whether the droplet temperature will increase or decrease with time, it is necessary to 
compare convective heat and evaporation rates. Hence it is not clear whether the time to completely 
evaporate will be less or greater than 14.3 s. 



PROBLEM 7.132 


KNOWN: Diameter, velocity and surface vapor concentration of alcohol droplet falling in quiescent air. 
Latent heat of vaporization and diffusion coefficient. Air temperature. 


FIND: Droplet surface temperature 

SCHEMATIC: 


p a s = 0.0573 kg/m 3 ■( 



Alchohol 


(A) | 


r - / Air (B) 

\ 7^= 300 Kf 


d A b ~ 1 0~ 5 m2 ^ s 

h fg = 8.42 x 10 5 J/kg 


-D = 0.5 mm 
V = 1.8 m/s 

ASSUMPTIONS: (1) Steady-state conditions, (2) Applicability of heat and mass transfer analogy, (3) 
Negligible radiation, (4) Negligible vapor concentration in air ( pj y ^ =0). 

PROPERTIES: Table A.4 , air (T^ = 300 K): v = 15.89 x 10 6 m 2 /s, k = 0.0263 W/m-K, Pr = 0.707. 

ANALYSIS: Application of a surface energy balance yields 

// 0 
Ocvap = Oconv 

V (PA,s — PA,°o )hfg = h (Tqq — T s ) 


T s — — PA,s^fg 

With Rejy = VD/v = 1.8m/sx5xl0 -4 m/l5.89xl0 -6 m 2 /s = 56.6 and Sc = v/D AB = 1.59, the 
Ranz-Marshall correlation yields 

N^D =2 + 0.6Re[ ) / 2 Pr 1/3 =2 + 0.6(56.6) 1/2 (0.707) 1/3 =6.02 

Sh D =2 + 0.6Re^ 2 Sc 1/3 =2 + 0.6(56.6) 1/2 (l.59 1/3 ) = 7.27 

With h m /h = Sh D (D AB /D)/Nu d (k/D), 

h m _ Sllp ( D AB) _ 7.27x10 m /s _ ^ 59 x 1 q- 4 m 3 K A 

h Nu D (k) 6.02x0.0263W/m K ' ' 

Hence, 

T s = 300K -4.59xl0 “ 4 m 3 ■ k/j (o.0573kg/m 3 )(8.42xl0 5 J/kg) = 277.9 K < 


COMMENTS: The large vapor density, p A s , renders the evaporative cooling effect significant. 



PROBLEM 7.133 


KNOWN: Diameter, velocity and temperature of water droplets in air of known temperature. 
FIND: Evaporation rate for a single drop. 


SCHEMATIC: 



D = 3 


mm 


ASSUMPTIONS: (a) Steady-state conditions, (b) Dry air, (c) Drop oscillations and distortions are 
negligible. 

PROPERTIES: Table A-4, Air (35°C = 308K): v = 16.7 x 10 ^ nf7s; Table A-8, Water vapor-air 

-4 2 

(35°C = 308K): D^g = 0.26 x 10 m /s; Table A-6, Saturated water vapor (25°C = 298K): v g = 

3 

44.3 m /kg. 


ANALYSIS: The mass evaporation rate is 
n A = hm( 7I -D^j ( PA,s ~ PA,oo) 
where p As = v g^ =0.023 kg/m 3 and p Aoo =0. From Eq. 7.58, 
Sh D =2 + (0.4 ReJ 72 +0.06 Re 2 ) 73 ) Sc 0 ' 4 


where 


Re D 


VD 


ShD =2 + 


(5 m/s) ^3x10" 3 mj 
16.7xl0' 6 m 2 /s 
0.4(898) 1/2 +0.06(898) 


898 

2/3 


Sc 


d ab 


:0.64 


(0.64) 0 ' 4 = 16.7 


- cr.i-A Dab _ 


hffl — ShD 


D 


= 16.7 


0.26X10" 4 m 2 /s 
3x10" 3 m 


= 0.145 m/s. 


Hence, 


n A =0.145 m/s n (3xl0" 3 m)^ x0.023 kg/m 3 =9.43xl0 -8 kg/s. < 


COMMENTS: For the small difference between T s and Too, it is reasonable to neglect the viscosity 
ratio in Eq. 7.58. Use of Eq. 7.59 gives h m = 0.152 m/s, which is in good agreement with the result 
from Eq. 7.58. 




PROBLEM 7.134 


KNOWN: Humidity and temperature of air entering heater; temperature of air leaving heater. Diameter, 
temperature and relative velocity of injected droplets. 

FIND: Droplet evaporation rate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible change in droplet diameter due to evaporation, (2) Negligible cooling 
of droplet due to evaporation, (3) Applicability of heat/mass transfer analogy, (4) Ideal gas behavior for 
vapor. 

PROPERTIES: Table A.4, air (T„ = T 0 = 320 K): V = 17.90 x 10 ' 6 m 2 /s, k = 0.0278 W/m-K, Pr = 
0.705. Table A.6, saturated water (T, = 290 K): p sat = 0.01917 bars; (T 0 = 320 K): p sat = 0.1053 bars, v g 
= 13.98 m 3 /kg. Table A.8 , H 2 0/air (T - 320 K): D AB = 0.26 x 10 4 m 2 /s (320/298) 372 = 0.289 x 10 4 m 2 /s. 

ANALYSIS: Due to an increase in temperature, the air leaves the heater with a smaller relative 
humidity. With 4>i = 0.7 and p sat> i = 0.01917 bars, the vapor pressure at the heater inlet is p = (f>i p sa t,i = 
0.7(0.01917 bars) = 0.0134 bars. Since the vapor pressure doesn’t change with passage through the 
heater, 

^ 0 =—Pi— = 00134 barS =0.127 
Psat.o 0.1053 bars 

The vapor density associated with air flow around the droplets is therefore 

PA,- =^ o PA,sat( T o) = 0o v g( T or 1 = 0.127 x 0.0715 kg/m 3 =0.009 lkg/m 3 

The droplet evaporation rate is 

ri^evap = V^s [ PA.sat (^s ) — PA,°° ] 

where h m may be obtained from the mass transfer analog to the Whitaker correlation. With Re D = 
VD/v = 15 m/s x 0.001 m/17.9 x 10 ‘ 6 m 2 /s = 838, Sc = v/D AB = 17.9 x 10 6 m 2 /s/28.9 X 10 ~ 6 m 2 /s = 0.62, 
and p/p s = 1 , 

Sh D = 2 + (o.4 Rep 2 + 0.06 Reg/ 3 )Sc 0 ' 4 =2+ 0.4(838) 1/2 +0.06(838) 2/3 (0.62 ) 0 ' 4 = 16.0 
h m = Sh D (Dab/D) = 16(0.289xl0 -4 m 2 /s/o. 001 m) = 0.462m/s 

m eV ap = ( 0 - 462 m / s ) 7 r ( 0 - 001 m ) 2 ( 0 - 0715 -°- 0091 ) k g / m3 = 9 - 06 xl 0 _ 8 k g/ s < 

COMMENTS: The energy required for evaporation must be supplied by convection heat transfer from 
the heated air to the droplet. Hence, in actuality, the droplet temperature T s must be less than that of the 
freestream air, T^, which in turn will decrease from the value T 0 at the heater outlet. 













PROBLEM 7.135 


KNOWN: Diameter and temperature of sphere wetted with kerosene. Air flow conditions. 

FIND: (a) Minimum kerosene flow rate, (b) Air temperature required to maintain wetted surface at 
300K. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Sphere mount has a negligible influence on the 
flow field and hence on h, (3) Negligible kerosene vapor concentration in free stream. 

PROPERTIES: Table A-4, Air (300K): v = 15.89 x 10" 6 m 2 /s, k = 0.0263 W/mK, p = 1.161 

3 3 

kg/m , Pr = 0.707; Kerosene (given): pa sat = 0.015 kg/m , hf g = 300 kJ/kg; Kerosene vapor-air 

-5 2 

(given): Dab =10 m /s. 


ANALYSIS: (a) The kerosene flowrate is n a = h m A ( Pa, sat - P A,°° ) • Using the mass transfer 
analog of Eq. 7.58 and neglecting the viscosity ratio, 


with 


Sh D =2 + (0.4 Re 1 ^ 2 +0.06 Re^ 3 


) 


Sc 


.0.4 


VD 15m/sx0.001m ... v 

Re D =-=- t — ~ — =944 Sc = 


15.89x10“' 

,-6 


v 15.89xl0' 6 m 2 /s Dab 10x10 

ShD =2 + (0.4 x944 1/2 +0.06944 273 ) (1.59) 0 ' 4 = 23.7 


= 1.59 


h m = Sh D D A b /d = 23.7X10' 5 m 2 /s/0.001 m= 0.237 m/s 


n A =0.237 m/s n 10' 3 m 0.015 kg/m 3 = 1.12x10“* kg/s. 


(b) An energy balance on the sphere yields nA h |„ = hA (Lx, — T s ). Using the Whitaker 
correlation and neglecting the viscosity ratio, 

mi D =2 + (0.4x944 1/2 +0.06x944 2/3 ) (0.707) 0 ' 4 = 17.72 

h = NuDk/D = 17.72x0.0263 W/m- K/0.001 m = 466 W/m 2 K 

T m = T , + ^ = 300K + L12Xl0 ' 8 kg/SX3Xl ° 5 J/k f 
h^D“ 466 W/m 2 Kxtt (0.001m) 2 

= 300K+ 2.3K = 302.3K < 

or _ T S = 2.3K. 


COMMENTS: The small temperature excess (2.3K) is due to comparatively small values of PA,sat 
and hfg for kerosene. 



PROBLEM 7.136 


KNOWN: Geometry and surface temperature of a tube bank with or without wetted surfaces. 
Temperature, velocity and flowrate associated with air in cross flow. 

FIND: (a) Ratio of air cooling with water film to that without film, (b) Air outlet temperature and 
specific humidity for prescribed conditions. 


SCHEMATIC: 



O 

O 


1 

9 


-S^ =24 mm 

•5i/£ : S$r3 


D =8mm 
-Sj) -2b85mm 
N l =5,Nt--1Z 


ASSUMPTIONS: (1) Steady-state conditions, (2) Heat and mass transfer analogy is applicable, (3) 

Air is dry, (4) Heat and mass transfer driving potentials are T a j - T s and pA,sat(TsX (5) Vapor has 
negligible effect on flowrate. 

PROPERTIES: Table A-4, Air (assume T a ~ 305K): p = 1.1448 kg/m\ Cp = 1007 J/kg-K, v = 
16.39 xlO 6 nf7s, k = 0.0267 W/m-K, Pr = 0.706, a = 23.2 x 10 ^ nX7s; Table A-6, Water vapor (T s 

o o o /" 

= 10°C): v g = 111.8m /kg, pa sat = 8.94 x 10 kg/m , hf g = 2.478 x 10 J/kg; Table A-8, Water 

’-4 2 

vapor-air (Tf = 298K): Dab = 0.26 x 10 m /s, Sc = (v/Dab) = 0.642. 

ANALYSIS: (a) The rate of heat loss from the air may be expressed as 
q = m a Cp a (T a p - T a o ) 
in which case, the amount of air cooling is 


(Ta,i T a o|- 


(1) 


riia c p,a 


Without the water film, 

Owo ~ h^(T a ,i ~T S ) 

(2) 

With the film, 

0w ~ hA (T a j —T s j + ritevap hfg 



0w ~ hA (T a p — T s j + h m A ( Pa, sat _ P A,°°) hfg 

(3) 


where Pa,oo=0. Hence 

(Ta,i T a ,o) w ~ h m PA,sathfg 
( T a,i ~ T a,o) WQ h ( T a,i “ T s) 


or substituting from Eq. 6.92, with Le = oc/Dab and a value of n = 0.33, 
( T a,i ~ T a,o) w i | (Dab /«)° 67 PA,sat h fg 
( T a,i- T a,o) wo P c p ( T a,i- T s) 


Continued 





PROBLEM 7.136 (Cont.) 


For the prescribed conditions, 


0.26x10 /s 

(T a ,i~T a ,o) w 0.232x10 ^m~/s I 

_ _!_~ i + _V ___ L _ 

( T a,i - T a,o) n 1.145 kg/m 3 x 1007 J/kg • K 


8.94x10 3 kg/m 3 x2.478xl0 6 J/kg 
x-~ 1.83. 


(35-10)°C 


(b) T ao may be obtained from Eq. (1), where q is approximated by Eq. (2) or Eq. (3). With Spj = 
26.83 mm > (St + D)/2 = 16, V max is at the transverse plane. Hence 

S T „ 24 „ , . . , „ 4.5 m/s x 0.008 m _ 


S T 24 

/ max =--—V = —x3m/s = 4.5m/s 

S t -D 16 


■ D, m ax 


16.39xl0‘ 6 m 2 /s 


= 2196. 


From Tables 7.7 and 7.8, C = 0.35, m = 0.60, C 2 = 0.98 and the Zhukauskas relation gives 

N^d =0.35(0.98) (2196) 0 ' 6 (0.706)°‘ 36 =30.6 
1/4 

where(Pr/Pr s ) is 1.00. Hence 

h = Nud k/D = 30.6(0.0267 W/m-K)/0.008 m = 102 W/m 2 ■ K. 


Also h m = h 


(Dab/ a) 0-67 W (0.26/0.232)°‘ 67 , 

4—^2- L -= 102—------= 0.0956 m/s. 

P c p m 2 ■ Kl. 145 kg/m 3 xl007 J/kg-K 


Hence 


q con v « hA(T ai -T s ) = 102W/m 2 -Kx7l (0.008 m)0.5 mx60(35 -10)°C =1923 W 
Oevap = n Ahfg = h m A Pa, sat hfg 


Oevap = 0.0956 m/sX7t (0.008 m)0.5 mx60 8.94xlO°kg/m J 2.478x10° J/kg 


Ocvap 


1597W. 


With water fdm, 

qcoiiv +qevap „ 35 o c - i 1 ^ 4-! 5-;7 ) W = 2g 0 „ c 

’ ’ m a c p a 0.5 kg/s X1007 J/kg -K 

The specific humidity of the outlet air is 


C0 o = 


_ n A _ h m 60jtDL Pa, sat 


C0n = 


0.0956 m/s(607t) (0.008 m)0.5 m(8.94xl0' 3 kg/m 3 

0.5 kg/s 


= 0.00129. 


COMMENTS: (1) Enhancement of air cooling by evaporation is significant (T a 0 = Ta,i 
-q con v / a c p a ~ 31.1°C without the film). (2) Small value of % justifies neglecting effect of 
evaporation on m a . (3) q C onv has been overestimated by using (T a q - T s ) as the driving potential for 
convection heat transfer. A more accurate determination involves AT^ m rather than (T a j - T s ). (4) 
Apparently the air properties were evaluated at an appropriate T a . 



PROBLEM 7.137 

KNOWN: Dimensions of slot jet array. Jet exit velocity and temperature. Temperature of paper. 


FIND: Drying rate per unit surface area. 

SCHEMATIC: 


W=10mm— 



ASSUMPTIONS: (1) Applicability of heat and mass transfer analogy, (2) Paper motion has 
negligible effect on convection (U « V e ). 

PROPERTIES: Table A-4, Air (300 K, 1 atm): v = 15.89 x 10 6 m7s; Table A-6, Saturated water 
(300 K): Pa, sat = Vg^ = 0.0256 kg/m 3 ; Table A-8, Water vapor-air (300 K): Dab = 0.26 x 10 4 m 2 /s, 
Sc = 0.61. 


ANALYSIS: The mass evaporation flux is 

n A = V (PA,s — PA,e ) = hm PA,sat 
For an array of slot nozzles, 


Sh 


2 a3/4 


Sc 


0.42 3 


— A 
o A r,o 


2Re 


x 2/3 


A r /A r , 0 +A r , 0 /A r 


where 


A r = W/S = 0.1 

r 2l^ 2 

A r ,o =|60 + 4[(H/2W)-2] | ={60 + 4(64)} 

V e (2W) 20m/s(0.02m) 


1/2 


= 0.0563 


Re = 


15.89xl0 _6 m 2 /s 


= 25,173. 


Hence 


Sc 


Sh ■= 0.667(0.0563) 3/4 


0.42 


50,346 


\2/3 


1.776 + 0.563 


= 59.6 


h m = 2 aE 59.6SC 0 - 42 = ft26xl °~ 4m2/S 59.6(0.61) 042 = 0.063m/s. 


2W 

The evaporative flux is then 


0.02 m 


=0.063m/s(0.0256 kg/m 3 ) = 0.0016 kg/s■ m 2 . 


COMMENTS: The mass fraction of water vapor to air leaving the sides of the dryer is 

n A (SxL)/ p air V e (W XL) = 7 x 10 Hence, the assumption of dry air throughout the dryer is 

reasonable. 



PROBLEM 8.1 

KNOWN: Flowrate and temperature of water in fully developed flow through a tube of prescribed 
diameter. 

FIND: Maximum velocity and pressure gradient. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Isothermal flow. 

o AO 

PROPERTIES: Table A-6, Water (300K): p = 998 kg/m , (I = 855 x 10 N-s/trf. 

ANALYSIS: From Eq. 8.6, 

4m 4x0.01 kg/s 

Rep, =-=---=596. 

n (0.025m) 855xl0 _b kg - m/s 

Hence the flow is laminar and the velocity profile is given by Eq. 8.15, 



The maximum velocity is therefore at r = 0, the centerline, where 
u(0) = 2 u m . 


From Eq. 8.5 


m _ 4x 0.01 kg/s 
p7t D 2 /4 998 kg/m 3 X7t (0.025m) 2 


■ 0.020 m/s, 


hence 

u(0) = 0.041 m/s. 


Combining Eqs. 8.16 and 8.19, the pressure gradient is 

dp = __6^ pum 
dx Rep 2D 

dp 64 998 kg/m 3 (0.020 m/s) 2 9 9 

^ x-----— = -0.86 kg/m 2 • s 2 

dx 596 2X0.025 m 

— = -0.86N/m 2 m = -0.86xl0" 5 bar/m. 
dx 


< 



PROBLEM 8.2 


KNOWN: Temperature and mean velocity of water flow through a cast iron pipe of prescribed 
length and diameter. 

FIND: Pressure drop. 



ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed flow, (3) Constant properties. 

o AO 

PROPERTIES: Table A-6, Water (300K): p = 997 kg/m , (I = 855 x 10 N s/nT. 
ANALYSIS: From Eq. 8.22, the pressure drop is 


2D 

With 


Rep = P "-D = 997 kg/m 3 X02 m/sxO.iS m = j 50xl|) 4 

F 855xl0' 6 N s/m 2 

-4 

the flow is turbulent and with e = 2.6 xlO m for cast iron (see Fig. 8.3), it follows that e/D = 1.73 
x 10' 3 and 


f = 0.027. 


Hence, 


Ap= 0.027 


997 kg/m 3 (0.2 m/s) 2 
2x0.15 m 


(600m) 


Ap =2154 kg/s 2 ■ m = 2154 N/m 2 


Ap =0.0215 bar. < 

COMMENTS: For the prescribed geometry, L/D = (600/0.15) = 4000 » (xfd,h/D)turb ~ 10, 
and the assumption of fully developed flow throughout the pipe is justified. 



PROBLEM 8.3 


KNOWN: Temperature and velocity of water flow in a pipe of prescribed dimensions. 

FIND: Pressure drop and pump power requirement for (a) a smooth pipe, (b) a cast iron pipe with a 
clean surface, and (c) smooth pipe for a range of mean velocities 0.05 to 1.5 m/s. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady, fully developed flow. 


PROPERTIES: Table A.6, Water (300 K): p = 997 kg/m 3 , p = 855 x 10 6 N s/m 2 , v = p/p = 8.576 x 
10 7 m 2 /s. 


ANALYSIS: From Eq. 8.22a and 8.22b, the pressure drop and pump power requirement are 
2 

Ap = f^ I L P = ApV = Ap^D 2 /4)u m (1,2) 


2D 


The friction factor, f, may be determined from Figure 8.3 for different relative roughness, e/D, surfaces 
or from Eq. 8.21 for the smooth condition, 3000 < Re D < 5 x 10 s , 


f =(0.790In (Re D )-1.64) 2 


(3) 


where the Reynolds number is 

Re D= ^£ = lm/sx0.25m = 2 .915 X 1Q 5 
v 8.576xl0 _7 m 2 /s 

(a) Smooth surface: from Eqs. (3), (1) and (2), 

f =(0.7901n(2.915xl0 5 )-1.64j 2 =0.01451 


(4) 


Ap = 0.01451(997kg/m 3 xlm 2 /s 2 /2x0.25 m) 1000m = 2.89xl0 4 kg/s 2 - m = 0.289bar < 

P = 2.89xl0 4 n/ m 2 (ttxO. 25 2 m 2 /4)lm/s = 1418 N ■ m/s = 1.42kW < 

(b) Cast iron clean surface: with e = 260 pm, the relative roughness is e/D = 260 x 10 6 m/0.25 m = 1.04 
x 10 3 . From Figure 8.3 with Re D = 2.92 x 10 5 , find f = 0.021. Hence, 

Ap = 0.419 bar P = 2.06 kW < 

(c) Smooth surface: Using IHT with the expressions of part (a), the pressure drop and pump power 
requirement as a function of mean velocity, u m , for the range 0.05 < u m <1.5 m/s are computed and 
plotted below. 


Continued... 



PROBLEM 8.3 (Cont.) 



Pressure drop, deltap (bar) 
Pump power, P (kW) 


The pressure drop is a strong function of the mean velocity. So is the pump power since it is proportional 
to both Ap and the mean velocity. 


COMMENTS: (1) Note that L/D = 4000 » (x fg , h /D) ~ 10 for turbulent flow and the assumption of fully 
developed conditions is justified. 

(2) Surface fouling results in increased surface roughness and increases operating costs through 
increasing pump power requirements. 


(3) The IHT Workspace used to generate the graphical results follows. 


// Pressure drop: 

deltap = f * rho * um A 2 * L / ( 2 * D ) 
deltap_bar = deltap /1.00e5 
Power = deltap * ( pi * D A 2 / 4 ) * um 
Power_kW = Power /1000 

// Reynolds number and friction factor: 

ReD = um * D / nu 

f= (0.790 * In (ReD)- 1.64 ) A (-2) 


// Eq (1); Eq 8.22a 
// Conversion, Pa to bar units 
// Eq (2); Eq 8.22b 
// Useful for scaling graphical result 


// Eq (3) 

// Eq (4); Eq 8.21, smooth surface condition 


// Properties Tool - Water: 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

x = 0 // Quality (0=sat liquid or 1 =sat vapor) 

rho = rho_Tx("Water",Tm,x) // Density, kg/m A 3 

nu = nu_Tx("Water",Tm,x) // Kinematic viscosity, m A 2/s 


// Assigned variables: 

um = 1 
Tm = 300 
D = 0.25 
L= 1000 


// Mean velocity, m/s 
// Mean temperature, K 
//Tube diameter, m 
//Tube length, m 




PROBLEM 8.4 

KNOWN: Temperature and mass flow rate of various liquids moving through a tube of prescribed 
diameter. 


FIND: Mean velocity and hydrodynamic and thermal entry lengths. 


SCHEMATIC: 



ASSUMPTIONS: Constant properties. 


PROPERTIES: (T = 300K) 


Liquid 

Table 

p (kg/m.3) 

( x(N-s/m2) 

V(m2/s) 

Pr 

Engine oil 

A-5 

884 

0.486 

550 x 10" 6 

6400 

Mercury 

A-5 

13,529 

0.152 x 10' 2 

0.113 xlO" 6 

0.0248 

Water 

A-6 

1000 

0.855 x 10~ 3 

0.855 x 10~ 6 

5.83 


ANALYSIS: The mean velocity is given by 

m _ 0.03 kg/s _ 61.1 kg/s-m^ 

u m - 7 - 9 - 

P A c pic (0.025m) / 4 P 


The hydrodynamic and thermal entry lengths depend on Rcq , 

^ _ 4m _ 4x0.03 kg/s _ 1.53 kg/s m 

D 7i Dq 7C (0.025m) (i (I 

-3 2 

Hence, even for water (|i = 0.855 x 10 N s/m ), Rep> < 2300 and the flow is laminar. From Eqs. 
8.3 and 8.23 it follows that 


x fd,h = 0 05 D Re D 


1.91xl0~ 3 kg/s 


Hence: 


1.91x10 3 kg/s)pr 


x fd,t _ 0-05 D 

Rep Pr =- 

/ 


Liquid 

u m (m/s) 

x fd,h( m ) 

x fd,t( m ) 

Oil 

0.069 

0.0039 

25.2 

Mercury 

0.0045 

1.257 

0.031 

Water 

0.061 

2.234 

13.02 


COMMENTS: Note the effect of viscosity on the hydrodynamic entry length and the effect of Pr 
on the thermal entry length. 



Pressure drop (bar) 


PROBLEM 8.5 


KNOWN: Number, diameter and length of tubes and flow rate for an engine oil cooler. 

FIND: Pressure drop and pump power (a) for flow rate of 24 kg/s and (b) as a function of flow rate for 
the range 10 < rir < 30 kg/s. 

SCHEMATIC: 

m = 24 kg/s 
N = 25 tubes 


T m = 300 K K--L = 2.5 m 

ASSUMPTIONS: (1) Fully developed flow throughout the tubes. 

PROPERTIES: Table A.5, Engine oil (300 K): p = 884 kg/m 3 , p = 0.486 kg/s m. 



ANALYSIS: (a) Considering flow through a single tube, find 
4m 4(24kg/s) 


ReD /rD p 25/r (0.010m)0.486kg/s • m 
Hence, the flow is laminar and from Equation 8.19, 
64 64 

f =-=-= 0.2545. 


= 251.5 


Re D 251.5 


With 


mi 


(25/25)kg/s (4) 


pU. D 2 /4) ^884 kg/m 3 j/r (0.010m)' 

Equation 8.22a yields 


■ = 13.8 m/s 


( 1 ) 


( 2 ) 


(3) 


2 

Ap = f^L = 0.2545 


^884 kg/m^ (l 3.8 m/s) 2 


2.5m =5.38xl0 6 N/m 2 =53.8 bar 


2D 2(0.010m) 

The pump power requirement from Equation 8.23b, 

rir 6/2 24 kg/s 5 

P = Ap • V = Ap— = 5.38x10° N/m 2 -^- = 1.459 x 10' N-m/s = 146 W. 

P 884 kg/m 3 

(b) Using IHT with the expressions of part (a), the pressure drop and pump power requirement as a 

function of flow rate, rir, for the range 10 < rir < 30 kg/s are computed and plotted below. 


(4) < 

(5) < 




Continued... 





PROBLEM 8.5 (Cont.) 


In the plot above, note that the pressure drop is linear with the flow rate since, from Eqs. (2), the friction 
factor is inversely dependent upon mean velocity. The pump power, however, is quadratic with the flow 
rate. 

COMMENTS: (1) If there is a hydrodynamic entry region, the average friction factor for the entire tube 
length would exceed the fully developed value, thereby increasing Ap and P. 

(2) The IHT Workspace used to generate the graphical results follows. 

/* Results: base case, part (a) 

P_kW ReD deltap_bar 

mdot 

145.9 251.5 53.75 

24 7 

// Reynolds number and friction factor 

ReD = 4 * mdotl / (pi * D * mu) // Reynolds number, Eq (1) 

f = 64 / ReD // Friction factor, laminar flow, Eq. 8.19, Eq. (2) 

// Average velocity and flow rate 

mdotl = rho * Ac * urn // Flow rate, kg/s; single tube 

mdot = mdotl * N // Total flow rate, kg/s; N tubes 

Ac = pi * D A 2/4 //Tube cross-sectional area, m A 2 

// Pressure drop and power 

deltap = f * rho * um A 2 * L / (2 * D) 
deltap_bar = deltap * 1 e-5 
P = deltap * mdot / rho 
P_kW = P /1000 

// Input variables 

D = 0.01 // Diameter, m 

mdot = 24 //Total flow rate, kg/s 

L = 2.5 //Tube length, m 

N = 25 // Number of tubes 

Tm = 300 //Mean temperature of oil, K 

// Engine Oil property functions : From Table A.5 

rho = rho_T("Engine Oil",Tm) // Density, kg/m A 3 

mu = mu_T("Engine Oil",Tm) //Viscosity, N-s/m A 2 


// Pressure drop, N/m A 2 
// Pressure drop, bar 
// Power, W 
// Power, kW 


f mu rho urn D N 

0.2545 0.486 884.1 13.83 0.01 25 



PROBLEM 8.6 


KNOWN: The x-momentum equation for fully developed laminar flow in a parallel-plate channel 

dP d 2 u 

— = constant = /a —- 
dx dy~ 

FIND: Following the same approach as for the circular tube in Section 8.1: (a) Show that the velocity 
profile, u(y), is parabolic of the form 


u(y) = —u m 1-- — T 

' 2 m [ ( a / 2) 2 

where u m is the mean velocity expressed as 


12/i ( dx J 

and -dp/dx = Ap/L where Ap is the pressure drop across the channel of length L; (b) Write the 
expression defining the friction factor,/, using the hydraulic diameter as the characteristic length, D/,; 
What is the hydraulic diameter for the parallel-plate channel? (c) The friction factor is estimated from 
the expression / = Cj Re D) where C depends upon the flow cross-section as shown in Table 8.1; 

What is the coefficient C for the parallel-plate channel ( b/a —> °o ) ? (d) Calculate the mean air 

velocity and the Reynolds number for air at atmospheric pressure and 300 K in a parallel-plate channel 

2 

with separation of 5 mm and length of 100 mm subjected to a pressure drop of AP = 3.75 N/m ; Is the 
assumption of fully developed flow reasonable for this application? If not, what effect does this have 
on the estimate for u m l 


SCHEMATIC: 



Parallel plate channel 

a = 5 mm 
Ap = 3.75 N/m 2 
L = 100 mm 
T = 300 K 


ASSUMPTIONS: (1) Fully developed laminar flow, (2) Parallel-plate channel, a « b. 
PROPERTIES: Table A-4 , Air (300 K, 1 atm): p = 184.6 x 10 ' 7 N-s/m 2 , v = 15.89 x 10 “ 6 m 2 /s. 
ANALYSIS: (a) The x-momentum equation for fully developed laminar flow is 


dp 

= —- = constant 
dx 


Since the longitudinal pressure gradient is constant, separate variables and integrate twice, 


_d_( du dp 

dy[dy J n{dx 

_ 1 f d P 1,2 , 


du lfdp^j ^ 

— =-- y + Q 

dy /il dx I 


u=— f- y^+qy+q 

2 /i l dx J 


Continued 





PROBLEM 8.6 (Cont.) 

The integration constants are determined from the boundary conditions, 

dul 


dy 


= 0 


u(a/2) = 0 


y=0 


to find 


Q =0 


C 2 =-^ 

2 P 


^dp > 


v dx y 


(a/2 j 


giving 


u(y) = -( a/ 2 f('dP' 


2H 

The mean velocity is 
a/2 


V dx / 


( a /2 Y 


( 2 ) 


u m=- 


= -J u (y)dy = - 

a J o 


2 (a/2) 2 

f dp l 

y 3 / 3 

V 

a 2/1 

V dx , 

(a/2) 2 _ 


a/2 


lo 


u 


m 


12p 


dp 

dx 


(3) 


Substituting Eq. (3) for dp/dx into Eq. (2) find the velocity distribution in terms of the mean velocity 

2 


u 


(y) = T 


u 


m 


1 - 


(a/2 Y 


< (4) 


(b) The friction factor follows from its definition, Eq. 8.16, 
f _ -(dp/dx)D h 
P' u m / 2 

where the hydraulic diameter for the channel using Eq. 8.67 i 

4(axb) 


(5) 


4-A c 

Dh= C 


- = 2a 


P 2(a + b) 

since a « b. 

(c) Substituting for the pressure gradient, Eq. (3), and rearranging, find using Eq. (6), 


< ( 6 ) 


u 


m 


Dh 


96 


96 


a 2 /12 J upu^ 1 /2 u m D h /v Re D h 
where the Reynolds number is 
Re D h = u m D h /V 


< (7) 


( 8 ) 


Continued 





PROBLEM 8.6 (Cont.) 


This result is in agreement with Table 8.1 for the cross-section with b/a —> °o where 


C = 96. 


< 


(d) For the conditions shown in the schematic, with air properties evaluated at 300 K, using Eqs. (3) 
and (8), find 


u 


(0.005 m)' 


m 


12x184.6xlO~ 7 N-s/m 2 


f 3.15 N/m 2 ^ 
0.100 m 


1.06 m/s 


1.06 m/sx2x0.005 m 
Re D =--= 667 

15.89xlO“V 2 /s 


The flow is laminar as Rcq^ < 2300, and from Eq. 8.3, the entry length is 

= 0.05 Rep) h 


^ x fd,h A 


Dh 


7/am 


x fd h = 2x0.005mx0.05x667 = 0.334m = 334 mm 


We conclude that the flow is not fully developed, and the friction factor in the entry region will be 
higher than for fully developed conditions. Hence, for the same pressure drop, the mean velocity will 
be less than our estimate. 



PROBLEM 8.7 


KNOWN: Mean velocity and temperature of oil, water and mercury flowing through a tube of 
prescribed diameter. 

FIND: Corresponding hydrodynamic and thermal entry lengths. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties. 
PROPERTIES: (T m = 300K) 


Liquid 

Table 

3 

P (kg/m ) 

2 

\x(N-s/m ) 

Pr 

Engine Oil 

A-5 

884 

0.486 

6400 

Mercury 

A-5 

13,529 

0.152 x 10' 

0.0248 

Water 

A-6 

997 

0.855 x 10' 3 

5.83 

ANALYSIS: With 





Re D = P 

P 

— = -^-x5xl0“ 
P 

^m/sx0.025m =1.25 xl0 4 m 2 /s-^- 

P 


It follows that 

Oil 

Mercury 

Water 



Rejy 0.227 

1113 

146 


Hence for each fluid, the flow is laminar and from Eqs. 8.3 and 8.23, 


x fd,h = 0- 05 Re d x fd,t 

= 0.5 D Rcq Pr. 



Hence: 

Liquid 

x fd, h( m ) 

x fd,t( m ) 



Oil 

2.84 x 10" 4 

1.82 



Mercury 

Water 

1.39 

0.183 

0.0345 

1.06 



COMMENTS: Note the effect of viscosity on the hydrodynamic entry length and the effect of 
Prandtl number on the thermal entry length. 



PROBLEM 8.8 


KNOWN: Velocity and temperature profiles for laminar flow in a tube of radius r Q = 10 mm. 
FIND: Mean (or bulk) temperature, T m , at this axial position. 


SCHEMATIC: 


u{r), T(r) 



._t' 


ASSUMPTIONS: (1) Laminar incompressible flow, (2) Constant properties. 

ANALYSIS: The prescribed velocity and temperature profiles, (m/s and K, respectively) are 

u(r) = 0.1 [l-(r/r 0 ) 2 ] T(r) = 344.8 + 75.0 (r/r 0 ) 2 - 18.8 (r/r 0 ) 4 (1,2) 

For incompressible flow with constant c v in a circular tube, from Eq. 8.27, the mean temperature and u m , 
the mean velocity, from Eq. 8.8 are, respectively, 


2 _rr, 

„2 Jo 


u m r o 


lo° u ( r ) T(r) r-dr 


Io > u ( r )' r dr 


Substituting the velocity profile, Eq. (1), into Eq. (4) and integrating, find 


2 2 fl 


u m t r o 


Jo 0 - 1 l ~( r / r o) 2 ( r / r o) d ( r / r o) = 2 jo. 1 “(r/r 0 ) 2 -^(r/r 0 ) 4 | =0.05m/s 


Substituting the profiles and u m into Eq. (3), find 


T m =- 2 -z r o}'[0-'h-( r / r o ) 2 1 }{ 344 - 8 + 75.0(r/r 0 ) 2 -1 8.8 (r/r 0 ) 4 } • (r/r 0 ) • d(r/r 0 ) 

(0.05 m/s )tq 01 L JJL J 

T m = 4 Jo {[ 344 - 8 ( r Ao ) + 75.0 (r/r G ) 3 -18.8 (r/r Q ) 5 ] - [ 344.8 (r/r 0 ) 3 + 75.0 (r/r G ) 5 -18.8 (r/r 0 ) 7 ]}d (r/r 0 ) 

T m = 4{[!72.40+ 18.75 -3. 13] -[86.20 +12.50- 2.35]} = 367 K < 

The velocity and temperature profiles appear as shown below. Do the values of u m and T m found above 
compare with their respective profiles as you thought? Is the fluid being heated or cooled? 



Radial coordinate, r/ro 


Radial coordinate, r/ro 





PROBLEM 8.9 


KNOWN: Velocity and temperature profiles for laminar flow in a parallel plate channel. 

FIND: Mean velocity. u m , and mean (or bulk) temperature, T m , at this axial position. Plot the velocity 
and temperature distributions. Comment on whether values of u m and T m appear reasonable. 

SCHEMATIC: 



ASSUMPTIONS: (1) Laminar incompressible flow, (2) Constant properties. 

ANALYSIS: The prescribed velocity and temperature profiles (m/s and °C, respectively) are 

u(y) = 0.75 l-(y/y G ) 2 T(y) = 5.0 + 95.66(y/y o ) 2 -47.83(y/y G ) 4 (l,2) 

The mean velocity, u m , follows from its definition, Eq. 8.7, 
m = pA c u m =pJ A u(y) dA c 

where the flow cross-sectional area is dA c = ldy, and A c = 2y m 

u m=7-j U (y) dy = -L| + )' u(y)Jy (3) 

A c JA c 2y 0 J -y 0 

u m=T^-yo| + 1 1 0- 7 5ri-(y/y o ) 2 l d (y/yo) 

2y 0 J -1 L J 

u m =l/2|o.75 (y/y 0 )-l/3(y/y 0 ) 3 } 

u m =V2X0 .75 {[1 -1/3] - [-1 +1/3]} = l/2x 0.75 x 4/3 = 2/3x 0.75 = 0.50 m/s < 

The mean temperature, T m , follows from its definition, Eq. 8.25, 

E t =mc v T m where m = pA c u m 

pA c u m c v T m = pc v J A ^u(y)T(y)dA c 

Hence, substituting velocity and temperature profiles, 

T m=-A-jT y °u(y)T(y)dy (4) 

u mAc 7o 

T m = ( 05 m/s) 9 y y 0 J^l 0 - 75 1 - (y/y 0 ) 2 ]}{ 50 + 95.66(y/y G f -47.83(y/y 0 ) 4 }d (y/y 0 ) 

T m = —\\ 5 (y/y 0 ) + 31.89 (y/y 0 ) 3 - 9.57 (y/y 0 ) 5 ] - [ 1.67 (y/y D ) 3 + 19.13 (y/y 0 ) 5 - 6.83 (y/y 0 ) 7 1} + ' 
0.5x2 lL J L JJ -1 

= ————— {[ 27 -32 — 13.97 ] — [—27.32 — (—13.97 )]} = 20.0° C < 

0.5 x 2 


Continued... 





PROBLEM 8.9 (Cont.) 


The velocity and temperature profiles along with the u m and T m values are plotted below. 




- Velocity profile, u(y) 

-e— Mean velocity, um = 0.5 m/s 


- Temperature profile, T(y) 

-e— Mean temperature, Tm = 20 C 


For the velocity profile, the mean velocity is 2/3 that of the centerline velocity, u m = 2u(0)/3. Note that 
the areas above and below the u m line appear to be equal. Considering the temperature profile, we’d 
expect the mean temperature to be closer to the centerline temperature since the velocity profile weights 
the integral toward the centerline. 

COMMENTS: The integrations required to obtain u m and T m , Eqs. (3) and (4), could also be performed 
using the intrinsic function INTEGRAL (y,x) in the IHT Workspace. 




PROBLEM 8.10 


KNOWN: Flow rate, inlet temperature and pressure, and outlet pressure of water flowing through 
a pipe with a prescribed surface heat rate. 

FIND: (a) Outlet temperature, (b) Outlet temperature assuming negligible flow work changes. 



ASSUMPTIONS: (1) Negligible kinetic and potential energy changes, (2) Constant properties, (3) 
Incompressible liquid. 

PROPERTIES: Table A-6, Water (T = 300K): p = 997 kg/m 3 , c p = c v = 4179 J/kg-K. 

ANALYSIS: (a) Accounting for the flow work effect, Eq. 8.35 may be integrated from inlet to 
outlet to obtain 


ficonv _ m 



-T m ,i) + (P v )o _ (P v )i 


Hence, 

Vo = Vi + 3^ + — (Pi - Po) 
mc v p c v 

10 5 N/m 2 j /bar 
2 kg/sx4179 J/kg-K 997 kg/m J x4179 J/kg-K 

T m , 0 = 25°C+ 12°C+ 2.4° C 

T m , 0 = 39.4°C. < 

(b) Neglecting the flow work effect, it follows from Eq. 8.37 that, 

T m ,o=T m ,i+3smi = 25 0 C + 12°C 
mc p 


25°C+- 


l(f 5 W 


(100-2) bar 


- + - 


T m , 0 = 37°C, < 

COMMENTS: Even for the large pressure drop of this problem, flow work effects make a small 
contribution to heating the water. The effects may justifiably be neglected in most practical 
problems. 



PROBLEM 8.11 


KNOWN: Internal flow with prescribed wall heat flux as a function of distance. 


FIND: (a) Beginning with a properly defined differential control volume, the temperature distribution, 
T m (x), (b) Outlet temperature, T mo , (c) Sketch T m (x), and T s (x) for fully developed and developing flow 
conditions, and (d) Value of uniform wall flux q" (instead of q' = ax) providing same outlet temperature 
as found in part (a); sketch T m (x) and T s (x) for this heating condition. 


SCHEMATIC: 


Water 

rh = 450 kg/h 
T m ,i= 27 °C 


, q' W/m 

q 1 = ax{ a 20 W/m 2 
x m 


dq, 


conv 


T, 


m,o 



i— L Tube, 0 L = 30 m 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Incompressible flow. 
PROPERTIES: Table A.6, Water (300 K): c p = 4.179 kJ/kg-K. 

ANALYSIS: (a) Applying energy conservation to the control volume above, 
d^conv = riiCpdTjn 

where T m (x) is the mean temperature at any cross-section and dq conv = c\ ■ dx . Hence, 


ax = mc r 


dT, 


m 


^ dx 

Separating and integrating with proper limits gives 

a r_ n xdx = mc P C m(x) dT m 

Jx “ u J1 m,i 


(1) 


( 2 ) 


ax 


T m (x) = T mj +- 


2mc r 


(b) To find the outlet temperature, let x = L, then 
dm (L) = Tm.o = d"m,i + aL /2mCp . 

Solving for T mo and substituting numerical values, find 


(3,4)< 


(5) 


20 W/m' 


T =21'C + 
1 m,o 


(30m 2 ) 


2(450kg/h/(3600s/h))x4179 J/kg ■ K 


:27°C + 17.2°C = 44.2°C. < 


(c) For linear wall heating, q' = ax, the fluid temperature distribution along the length of the tube is 
quadratic as prescribed by Eq. (4). From the convection rate equation, 


Os = h ( x ) vrD(T s ( x )-T m ( x )) 


( 6 ) 


For fully developed flow conditions, h(x) = h is a constant; hence, T s (x) - T m (x) increases linearly with x. 
For developing conditions, h(x) will decrease with increasing distance along the tube eventually 
achieving the fully developed value. 


Continued... 




PROBLEM 8.11 (Cont.) 



(d) For uniform wall heat flux heating , the overall energy balance on the tube yields 

q = q s ^DL = mCp (T m 0 - T m j) 


Requiring that T m o = 44.2°C from part (a), find 


_ (450/3600)kg/sx4179J/kg-K(44.2-27)K 3/p / 2 

4s 7rDx30m ' 


< 


where D is the diameter (m) of the tube which, when specified, would permit determining the required 
heat flux, q$ . For uniform heating, Section 3.3.2, we know that T m (x) will be linear with distance. T s (x) 

will also be linear for fully developed conditions and appear as shown below when the flow is 
developing. 



COMMENTS: (1) Note that c p should be evaluated at T m = (27 + 44)°C/2 = 309 K. 

(2) Why did we show T s (0) = T m (0) for both types of history when the flow was developing? 

(3) Why must T m (x) be linear with distance in the case of uniform wall flux heating? 







PROBLEM 8.12 


KNOWN: Internal flow with constant surface heat flux, q". 


FIND: (a) Qualitative temperature distributions, T(x), under developing and fully-developed flow, 
(b) Exit mean temperature for both situations. 


SCHEMATIC: 


* 2 == coTtssi~3Trt 


Flo 


w 


?— 

— 

(V 

c 

jtttttttj 

D 


ASSUMPTIONS: (a) Steady-state conditions, (b) Constant properties, (c) Incompressible flow. 

ANALYSIS: Based upon the analysis leading to Eq. 8.40, note for the case of constant surface 
heat flux conditions, 

dT m 

—— = constant, 
dx 

Hence, regardless of whether the hydrodynamic or thermal boundary layer is fully developed, it 
follows that 

T m (x) is linear and 

T m 2 will be the same for all flow conditions. < 

The surface heat flux can also be written, using Eq. 8.28, as 
Os = h [ T s( x )- T m( x )]- 

Under fully-developed flow and thermal conditions, h = hfyj is a constant. When flow is developing h 
> hfd- Hence, the temperature distributions appear as below. 


V*), T a (x) 


Fully developed, h consfanf^ 7^ (x) 


Developing flow si fuafion, 7^(x) 




PROBLEM 8.13 


KNOWN: Geometry and coolant flow conditions associated with a nuclear fuel rod. Axial 
variation of heat generation within the rod. 

FIND: (a) Axial variation of local heat flux and total heat transfer rate, (b) Axial variation of mean 
coolant temperature, (c) Axial variation of rod surface temperature and location of maximum 
temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant fluid properties, (3) Uniform surface 
convection coefficient, (4) Negligible axial conduction in rod and fluid, (5) Negligible kinetic energy, 
potential energy and flow work changes, (6) Outer surface is adiabatic. 

ANALYSIS: (a) Performing an energy balance for a control volume about the rod, 

Ein -E out +Eg =0 -dq + E g =0 

or 

-q(n Ddx)+q 0 sin (7t x/L) D 2 m| dx=0 q'’ = q 0 (D/4) sin(7t x/L). < 







PROBLEM 8.13 (Cont.) 


Integrating, 




4 m Cp 0 


L 


dx 


T m (x)=T m , i +^ -i 32 - 11-cos 
4 mcp 

( 2 ) < 

(c) From Newton’s law of cooling, 
q' = h(T s -T m ). 

Hence 


7t X 

L 


T s =^- + T m 
h 


T -3o£ si „^ + T +— -3a 

s 4h L ma 4 me 


P 


1-cos 


n x 


To determine the location of the maximum surface temperature, evaluate 


dT - q n Dji 71 x LD" q n 7t . 7t x 
-- = 0 =—-cos-+- — -sin- 


dx 


4hL 


L 


4 m Cp L 


L 


or 


1 K x D . 7t x - 
cos-1-sin-=0. 


hL 


L m c r 


L 


Hence 


< 


tan 


n x 
L 


L _i 
x = — tan 

71 


mc p 

D hL 

f 


\ 


m c r 


DhL 


= x 


max- 


J 


COMMENTS: Note from Eq. (2) that 


Tm,o _ (L) - T m p + 


LD 2 q 0 


2 m c 


P 


< 


which is equivalent to the result obtained by combining Eq. (1) and Eq. 8.37. 



PROBLEM 8.14 


KNOWN: Axial variation of surface heat flux for flow through a tube. 
FIND: Axial variation of fluid and surface temperatures. 

SCHEMATIC: 



ASSUMPTIONS: (1) Convection coefficient is independent of x, (2) Negligible axial conduction 
and kin etic and potential energy changes, (3) Fluid is an ideal gas or a liquid for which d(pv) < < 
d(c v T m ). 

ANALYSIS: Since Equation 8.38 is applicable, 

dT m _ qsP _ ( 7t D )qs, m sin(7t x/L) 
dx hi Cp m Cp 


Separating variables and integrating from x = 0 

Tn 


I 


l m,o TtDq 


dT m =- 


s,m 


n x 


im.i 


m c 


P 


I sin — 
0 L 


dx 


T / \ T _ LDq s m n x 
Tm ( x ) T m i - cos 


mc r 


L 


Tm ( x ) _ T m i + 


LDq sm 


mc r 


(l -cos 7tx/L). 


< 


From Newton’s law of cooling, Eq. 8.28, 

T s( x ) = (qs/ h ) + T m( x ) 


^ / \ fls,m . 7t x LDq s m „ \ 

T s ( x ) =-sin-hT m j H-(1-cos 7t x/L). 

h L ’ mc n 


< 


COMMENTS: For the prescribed surface condition, the flow is not fully developed. Hence, the 
assumption of constant h should be viewed as a first approximation. 




PROBLEM 8.15 


KNOWN: Surface heat flux for air flow through a rectangular channel. 

FIND: (a) Differential equation describing variation in air mean temperature, (b) Air outlet 
temperature for prescribed conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible change in kinetic and potential energy of air, (2) No heat loss 
through bottom of channel, (3) Uniform heat flux at top of channel. 


PROPERTIES: Table A-4, Air (T ~ 50°C, 1 atm): c p = 1008 J/kg-K. 
ANALYSIS: (a) For the differential control volume about the air, 

E in = E out 

mc p T m +qo (w-dx) = mc p (T m +dT m ) 

d T m _ Oo ■ w 
dx riiCp 


Separating and integrating between the lim its of x = 0 and x, find 


Tm ( x ) - T m i + 


qp( wx ) 

mcp 


l m,o 


- T m,i + 


qp(wL) 

mcp 


(b) Substituting numerical values, the air outlet temperature is 


l m,o 


(700 W/m 2 ) (1x3 )m 2 

40°C + ---- 

0.1 kg/s (1008 J/kg-K) 


< 


T m , 0 = 60.8°C. < 

COMMENTS: Due to increasing heat loss with increasing Tm> the net flux q^ will actually 
decrease slightly with increasing x. 



PROBLEM 8.16 

KNOWN: Air inlet conditions and heat transfer coefficient for a circular tube of prescribed geometry. 
Surface heat flux. 


FIND: (a) Tube heat transfer rate. q. air outlet temperature, T m0 , and surface inlet and outlet 
temperatures. T SJ and T s0 , for a uniform surface heat flux. q". Air mean and surface temperature 
distributions, (b) Values of q, T m , 0 , T s ,; and T Si0 for a linearly varying surface heat flux q" = 500x (m). 
Air mean and surface temperature distributions, (c) For each type of heating process (a & b), compute 
and plot the mean fluid and surface temperatures, T m (x) and T s (x), respectively, as a function of distance; 
What is effect of four-fold increase in convection coefficient, and (d) For each type of heating process, 
heat fluxes required to achieve an outlet temperature of T mo = 125°C; Plot temperatures. 


SCHEMATIC: 



m = 0.005 kg/s 

T m .r 20 ° C 


p - 1 atm 

ASSUMPTIONS: (1) Fully developed conditions in the tube, (2) Applicability of Eq. 8.36, (3) Heat 
transfer coefficient is the same for both heating conditions. 


PROPERTIES: Table A.4 , Air (for an assumed value of T m o = 100°C, T m = (T mi + T itm ,)/2 = 60°C = 
333 K): c p = 1.008 kJ/kg-K. 

ANALYSIS: (a) With constant heat flux, from Eq. 8.39, 

q = q' (^DL) = 1000w/m 2 (7rx0.05mx3m) = 471 W . (1) 


From the overall energy balance, Eq. 8.37, 


T = T ■ + 4 = 20°C + 
1 m,o 1 m,i ^ v. -t- 


471W 


mc r 


0.005kg/sxl008 J/kg ■ K 


113.5°C 


From the convection rate equation, it follows that 


( 2 ) < 


r s ,, = T m , I+ B f =20"c + iM^A 
h 25 W/ m 2 K 


60° C 


(3) < 


T s,o = Vo + qs/h = 113.5°C + 40°C = 153.5° C 


< 


From Eq. 8.40, (dT„/dx) is a constant, as is (dT s /dx) for constant h from Eq. 8.31. In the more realistic 
case for which h decreases with x in the entry region, (dT m /dx) is still constant but (dT s /dx) decreases 
with increasing x. See the plot below. 

(b) From Eq. 8.38, 

dT™ 500x(;rD) 500x w/m 2 (7rx0.05m) , 

=-4- L = - L -1-- = 15.6x K/m. (4) 

dx tiiCp 0.005kg/sxl008J/kg -K 


Continued... 



PROBLEM 8.16 (Cont.) 


Integrating from x = 0 to L it follows that 


Vo= T m,i +15.6{ 3 xdx = 20»C + 15.6 


= 20°C + 70.2°C = 90.2°C. 


The heat rate is 


o 

q = |qgdA s = 500 (n x0.05 m)Jxdx = 78.5 


= 353 W 


From Eq. 8.28 it then follows that 

T s = T m +q^/h = T m j +15.6 t + ^x = 20°C + 7.8x 2 +20x 

Hence, at the inlet (x = 0) and outlet (x = L), 


(5)< 


< 


( 6 ) 


T s ,i=T m ,i=20 o C and T s , 0 = 150.2° C < 

Note that (dT s /dx) and (dT m /dx) both increase linearly with x, but (dT s /dx) > (dT n /dx). 

(c) The foregoing relations can be used to determine T m (x) and T s (x) for the two heating conditions: 
Uniform surface flux, q"; Eqs. (1-3), 

T m( x ) = T m,i +c ls^ Dx / lilc P T s( x ) = T m( x ) + qs/ h ( 7 ’8) 

Linear surface heat flux, q^ - a G x, a 0 = 500 W/m 3 ; Eqs. (4-6), 

T m( x ) = T m,i + ( a o ;z:D / 2lil Cp)x 2 T s (x) = T m (x) + a 0 x/h (9,10) 

Using Eqs. (7-10) in IHT, the mean fluid and surface temperatures as a function of distance are evaluated 
and plotted below. The calculations were repeated with the coefficient increased four-fold, h = 4 x 25 = 
100 W/nr-K. As expected, the fluid temperature remained unchanged, but the surface temperatures 
decreased since the thermal resistance between the surface and fluid decreased. 



240 
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o 
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to 

1- 
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E 

80 

l- 
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o 
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CO 

h- 
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E 

80 

H 

40 


o 
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3 




Distance from inlet, x (m) 


Distance from inlet, x (m) 


- Tm(x); q"s = 1000 W/m A 2 

s — Ts(x); h = 25 W/m A 2.K 
-A— Ts(x); h = 100 W/m A 2.K 


- Tm(x); q"s = 500x W/m A 2 

-e— Ts(x); h = 25 W/m A 2.K 
-a— Ts(x); h = 100 W/m A 2.K 


(d) The foregoing set of equations, Eqs. (7-10), in the IHT model can be used to determine the required 
heat fluxes for the two heating conditions to achieve T m o = 125°C. The results with h = 25 W/m 2 K are: 

Uniform flux: q^ = 1123 W/m 2 Linear flux: q^ = 748.7x W/m 2 ^ 


Continued... 




PROBLEM 8.16 (Cont.) 


The temperature distributions resulting from these heat fluxes are plotted below. The heat rate for both 
heating processes is 529 W. 






COMMENTS: Note that the assumed value for T nM , (100°C) in determining the specific heat of the air 
was reasonable. 




PROBLEM 8.17 


KNOWN: Water at prescribed temperature and flow rate enters a 0.25 m diameter, black thin-walled tube of 8- 

m length, which passes through a large furnace whose walls and air are at a temperature of Tf ur = Too = 700 K. 

2 2 

The convection coefficients for the internal water flow and external furnace air are 300 W/m K and 50 W/m K, 
respectively. 

FIND: (a) An expression for the linearized radiation coefficient for the radiation exchange process between the 
outer surface of the pipe and the furnace walls; represent the tube by an average temperature and explain how to 

calculate this value, and (b) determine the outlet temperature of the water, T 0 . 


SCHEMATIC: 




T m - (Tm,i + Tm,oV 2 

ASSUMPTIONS: (1) Steady-state conditions; (2) Tube is small object with large, isothermal surroundings; (3) 
Furnace air and walls are at the same temperature; and (3) Tube is thin-walled with black surface. 


PROPERTIES: Table A-6 , Water (Tm = (T mj + T m o j/2 = 331 K): c p = 4192 J/kg-K. 

ANALYSIS: (a) The linearized radiation coefficient follows from Eq. 1.9 with 8=1, 
h rad = G (Tt + Tfur) + T^. j 

where T t represents the average tube wall surface temperature, which can be evaluated from an energy balance 
on the tube as represented by the thermal circuit above. 



R tot _ R cv,i + 


T m -T t _ 


l/Rcv,o + 1/Rrad 


T t -Tf, 


ur 


R cv,i 1 / R cv,o +R rad 

The thermal resistances, with A s = PL = JtDL, are 
R cv,i = l/hjA s 


R cv,o — l/h 0 A s 


^rad _ l/h ra cl 


(b) The outlet temperature can be calculated using the energy balance relation, Eq. 8.46b, with Tf ur = Too, 

' i ' 


T -T 

1 oo 1 m,o 

T -T ■ 

x oo ^m,! 


: CXp 


mc p R tot 


where c p is evaluated at T m . Using ///'/’, the following results were obtained. 


R cvi =6.631x10 5 K/W 


R cv,o = 3 - 978xl ° 


-4 


K/W 


R rad =4.724x10 4 K/W 


T m =331 K 


T t =418 K 


T m ,o = 362 K 


COMMENTS: Since T^ = Tf ur , it was possible to use Eq. 8.46b with R tot . How would you write the energy 
balance relation if =£ Tf ur ? 





PROBLEM 8.18 


KNOWN: Laminar, slug flow in a circular tube with uniform surface heat flux. 


FIND: Temperature distribution and Nusselt number. 


SCHEMATIC: 





ASSUMPTIONS: (1) Steady, incompressible flow, (2) Constant properties, (3) Fully developed, 
laminar flow, (4) Uniform surface heat flux. 

ANALYSIS: With v = 0 for fully developed flow and 3T/3x = dT m /dx = const, from Eqs. 8.33 and 
8.40, the energy equation, Eq. 8.48, reduces to 

3 


u, 


d T m a 


f 3 T 'l 
r 


V 3 r 7 


dx r 3 r 
Integrating twice, it follows that 

T( r ) = — 41k. ti+cMr) + C 2 . 

a dx 4 

Since T(0) must remain finite, C | = 0. Hence, with T(r 0 ) = T s 


C 2 =T S b_ T(r) = T s U 

a dx 4 4a dx 


m 


From Eq. 8.27, with u m = u D , 

2 r r o 

T m = n Trdr: 

rr 0 


l ro 


T s r-— Um 

4a dx 


r o -r 


rr G - r 


dr 


T - — 
lm_ 2 


T !o__^ dT . 


(A A \ 


m 


2 4a dx 


m 


T u o r o Ul 

S 8a dx 


From Eq. 8.28 and Fourier’s law, 

u d T 

U _ fis _ d r 


Ts T m 


Ts T m 


hence, 


h =- 


Mo 

2a 


dT, 


m 


dx 4k 8k 


u o r o d T m 


D 


Nu D = —= 8. 

k 


8a dx 



PROBLEM 8.19 


KNOWN: Heat transfer between fluid flow over a tube and flow through the tube. 
FIND: Axial variation of mean temperature for inner flow. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible change in kinetic and potential energy, (2) Negligible axial 

conduction, (3) Constant c p , (4) Uniform Too. 

ANALYSIS: From Eq. 8.36, 
dq = m c p d T m 

with 

dq = UdA (^ - T m ) = UP -T m )dx. 

The overall heat transfer coefficient may be defined in terms of the inner or outer surface area, with 
UiPi = U 0 P 0 . 

For the inner surface, from Eq. 3.31, 


tt 1 r i i r o r i 1 
U; = — + -1-111 — + A- 


fq k 


r i r o h o 




or, with AT = T^ - T m , 

f AT 0 d(AT) p r L 

J —- = -I Udx 

ATi AT m c p 0 

Hence, 


In 


> 

o H 

1 

PL ( 

ATi " 

m c p 


— | L Udx 

LO J 



COMMENTS: The development and results parallel those for a constant surface temperature, 
with U and T*, replacing h and T s . 





PROBLEM 8.20 


KNOWN: Thin-walled tube experiences sinusoidal heat flux distribution on the wall. 

FIND: (a) Total rate of heat transfer from the tube to the fluid, q, (b) Fluid outlet temperature, T m0 , (c) 
Axial distribution of the wall temperature T s (x) and (d) Magnitude and position of the highest wall 
temperature, and (e) For prescribed conditions, calculate and plot the mean fluid and surface 
temperatures, T m (x) and T s (x), respectively, as a function of distance along the tube; identify features of 
the distributions; explore the effect of +25% changes in the convection coefficient on the distributions. 

SCHEMATIC: 

9” (x) = q" sin (nx /L) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic and potential energy changes, (3) 
Turbulent, fully developed flow. 

ANALYSIS: (a) The total rate heat transfer from the tube to the fluid is 

q = q'^Pdx =qo^D|^sin(^x/L)dx = qQ^D(L/^:)[-cos(^x/L)]^ = 2DLqg (1) < 

(b) The fluid outlet temperature follows from the overall energy balance with knowledge of the total heat 
rate, 

q = mCp (T m o — T m i) = 2DLq 0 T m o = T m j+(2DLq 0 /mCp) (2)^ 


(c) The axial distribution of the wall temperature can be determined from the rate equation 


qs= h [ T s( x )- T m( x )] 


T s,x = T m,x( x ) + qs/ h 


where, by combining expressions of parts (a) and (b), T m x (x) is 
J Q q S Pdx = mCp (T m x — T m p) 


mc r 


Jo 


Hence, substituting Eq. (4) into (3), find 

T s (x) = T mi +5h!o[ 1 _ COSl 

mc n 


% 

h 


(d) To determine the location of the maximum wall temperature x' where T x ( x ) = T Siinax , set 

dT s ( x ) = o = A |[! _ cos (^ X / L )] + sin (?rx/L) I 


dx 


dx mc r 


(3) 


i + DL< ^° [~l - cos (;rx/L)l 

rncp 

(4) 

sin (nx/ L) 

(5)< 


-—-sin (xx'/L) + —-cos (xx'/h) = 0 tan (xx'/h) = ■ 

L h L 


qo/ h 


me. 


me. 


DLqo / mCp DLh 


Continued... 




PROBLEM 8.20 (Cont.) 


x' = — tan ^-mCp/DLh) (6) < 

At this location, the wall temperature is 

T s,max =T s (x>T mi + I ^o [l-cos(^x7L)] + ^sin(^:x7L) (7) < 

mcp L J h 

(e) Consider the prescribed conditions for which to compute and plot T m (x) and T s (x), 

D = 40 mm m = 0.025 kg/s h = 1000 W/m 2 q' = 10,000 W/m 2 

L = 4m c p = 4180 J/kg-K T m ,i = 25°C 

Using Eqs. (4) and (5) in IHT, the results are plotted below. 



The effect of a lower convection coefficient is to increase the wall temperature. The position of the 
maximum temperature, T Sjinax , moves away from the tube exit with decreasing convection coefficient. 

COMMENTS: (1) Because the flow is fully developed and turbulent, assuming h is constant along the 
entire length of the tube is reasonable. 

(2) To determine whether the T x (x) distribution has a maximum (rather than a minimum), you should 
evaluate d~T s (x)/dx” to show the value is indeed negative. 




PROBLEM 8.21 

KNOWN: Water is heated in a tube having a wall flux that is dependent upon the wall temperature. 

FIND: (a) Beginning with a properly defined differential control volume in the tube, derive 
expressions that can be used to obtain the temperatures for the water and the wall surface as a 
function of distance from the inlet, T m (x) and T s (x), respectively; (b) Using a numerical integration 
scheme, calculate and plot the temperature distributions, T m (x) and T s (x), on the same graph. Identify 
and comment on the main features of the distributions; and (c) Calculate the total heat transfer rate to 
the water. 


SCHEMATIC: 


Water 


-> H 


m = 0.1 kg/s 
T m,i = 20°C 


q" s (x) - q’s o n +a (Ts - Tref)] q’s.cf 1x1 ° 4 w/m2 

a = 0.2 K' 1 
T ref = 20°C 


K 


-> x 


Tube, D = 15 mm, h = 3000 W/m-K 


I 

L = 2 m 


dq c 




rC.l_. 

I 


T s (x) 

T m (x) 


->l dx K- 
Control volume 


ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed flow and thermal conditions, (3) 
No losses to the outer surface of the tube, and (3) Constant properties. 

PROPERTIES: Table A-6, Water (T m = (T m>i + T m>0 )/ 2 = 300 k) : c p = 4179 J/kg-K 


ANALYSIS: (a) The properly defined control volume of perimeter P = 7tD shown in the above 
schematic follows from Fig. 8.6. The energy balance on the CV includes advection, convection at the 
inner tube surface, and the heat flux dissipated in the tube wall. (See Eq. 8.38). 


m Cp 


dT m . 

dx 


qs(x)P = hP[T s (x)-T m (x)] 


( 1 , 2 ) 


where q§ (x) is dependent upon T s (x) according to the relation 

q S ( x ) = q S ,o [l + #(T s ( x ) _ Tref )J 


(3) 


(b) Eqs. (1 and 2) with Eq. (3) can be solved by numerical integration using the Der function in IHT 
as shown in Comment 1. The temperature distributions for the water and wall surface are plotted 
below. 



—•— Water mean temperature, Tm(x) 
- Tube surface temperature, Ts(x) 


Continued 








PROBLEM 8.21 (Cont.) 

(c) The total heat transfer to the water can be evaluated from an overall energy balance on the water, 

q = mc p (T mo -T m i) (4) 

q = 0.1 kg/sx4179 J/kg • K(34.4-20)K = 6018 W < 

Alternatively, the heat rate can be evaluated by integration of the heat flux from the tube surface over 
the length of the tube, 

L 

q=[ 4s (x) p dx (5) 

J o 

where q* (x) is given by Eq. (3), and T s (x) and T m (x) are determined from the differential form of 
the energy equation, Eqs. (1) and (2). The result as shown in the IHT code below is 6005 W. 

COMMENTS: (1) Note that T m (x) increases with distance greater than linearly, as expected since q§(x) does. 
Also as expected, the difference, T s (x) - T m (x), likewise increases with distance greater than linearly. 

(2) In the foregoing analysis, c p is evaluated at the mean fluid temperature T m = (T m j + T m o )/2. 

(3) The IHT code representing the foregoing equations to calculate and plot the temperature 
distribution and to calculate the total heat rate to the water is shown below. 

/* Results: integration for distributions: conditions at x = 2 m 
F_xTs Ts q' q"s_x x Tm 

11.64 73.18 5483 1.164E5 2 34.39 

3 30 1414 3E4 0 20 */ 

/* Results: heat rate by energy balances on fluid and tube surface 
q_eb q_hf 

6018 6005 */ 

/* Results: for evaluating cp at Tm 
Ts cp q"s_x x Tm 

73.31 4179 1.166E5 2 34.44 

30 4179 3E4 0 20 7 

// Energy balances 

mdot * cp * der(Tm,x) = q' // Energy balance, Eq. 8.38 

q' = q"s_x * P 
q"s_x = q"o * F_xTs 

q' = h * P * (Ts - Tm) // Convection rate equation 

P = pi * D 

// Surface heat flux specification 

F_xTs = (1 + alpha * (Ts -Tref)) 
alpha = 0.2 
Tref = 20 

// Overall heat rate 
// Energy balance on the fluid 

q_eb = mdot * cp * (Tmo - Tmi) 

Tmi = 20 

Tmo = 34.4 //From initial solve 

// Integration of the surface heat flux 

q_hf = q"o * P * INTEGRAL(F_xTs, x) 

// Input variables 

mdot = 0.1 
D = 0.015 
h = 3000 
q"o = 1.0e4 

// L = 2 // Limit of integration over x 

// Tmi = 20 // Initial condition for integration 

//Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

xx = 0 // Quality (0=sat liquid or 1=sat vapor) 

cp = cp_Tx("Water",Tmm,xx) // Specific heat, J/kg-K 

Tmm = (20 + 34.4) / 2 + 273 



PROBLEM 8.22 


KNOWN: Flow rate of engine oil through a long tube. 


FIND: (a) Heat transfer coefficient, h, (b) Outlet temperature of oil, T m ,o 


SCHEMATIC: 



D=3imn 
L. - 50 77} 

A s -rfDL 


ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Combined entry 
conditions exist. 

PROPERTIES: Table A-5, Engine Oil (T s = 100°C = 373K): p s = 1.73 x 10~ 2 N s/m 2 ; Table 
A-5, Engine Oil (j m = 77°C = 350k) : c p = 2118 J/kg-K, (a = 3.56 x 10" 2 N s/m 2 , k = 0.138 
W/m-K, Pr = 546. 

ANALYSIS: (a) The overall energy balance and rate equations have the form 


q - m Cp (T m o T mp ) q - hA s ATq 

Using Eq. 8.42b, with P = TtD, and Eq. 8.6 


AT 0 _ T s T m o 
AT; T s -T m j 


= exp - 


PL - 


Re D — -- / X "-' l2kg/s , -- =238. 

n D p 7tx3xlO 3 mx3.56x10 "N s/m"' 

For laminar and combined entry conditions, use Eq. 8.57 


Nud =1-86 


Rep) Pr 
L/D 


238x546 
30 m/3 x 10 -3 m 


h = Nu D k/D= 4.83x0.138 W/m K/3xl0 3 m= 222 W/m 2 ■ K. 
(b) Using Eq. (3) with the foregoing value of h, 


(mo-yjc 

(100-60)° C 


= exp 


71x3x10 mx30m 2 0 ^ 

-x222W/m z K T mo =90.9C. < 

0.02 kg/s x2118 J/kg-K 


COMMENTS: (1) Note that requirements for the correlation, Eq. 8.57, are satisfied. 

(2) The assumption of T m = 77°C for selecting property values was satisfactory. 

(3) For thermal entry effect only, Eq. 8.56, h = 201 W/m 2 ■ K and T m o = 89.5°C. 



PROBLEM 8.23 


KNOWN: Inlet temperature and flowrate of oil flowing through a tube of prescribed surface 
temperature and geometry. 

FIND: (a) Oil outlet temperature and total heat transfer rate, and (b) Effect of flowrate. 



ASSUMPTIONS: (1) Negligible temperature drop across tube wall, (2) Negligible kinetic energy, 
potential energy and flow work effects. 


PROPERTIES: Table A.5, Engine oil (assume T m , 0 = 140°C, hence T m = 80°C = 353 K): p = 852 
kg/m 3 , v = 37.5 x 10' 6 m 2 /s, k = 138 x 10 3 W/m-K, Pr = 490, p = p v = 0.032 kg/m s, c p = 2131 J/kg-K. 


ANALYSIS: (a) For constant surface temperature the oil outlet temperature may be obtained from Eq. 
8.42b. Hence 


l m,o 



T m,i) ex P 


7rDL — 
-h 

iilCn 


A 


J 


To determine h , first calculate Re D from Eq. 8.6, 


Re D - 


4m 

nT>n 


4(0.5kg/s) _ ;n; 

;r(0.05m)(0.032kg/ms) 


Hence the flow is laminar. Moreover, from Eq. 8.23 the thermal entry length is 

x fd t - 0.05D Re D Pr = 0.05 (0.05 m) (398) (490) = 486 m. 


Since L = 25 m the flow is far from being thermally fully developed. However, from Eq. 8.3, x fdjh ~ 
0.05DRe D = 0.05(0.05 m)(398) = 1 m and it is reasonable to assume fully developed hydrodynamic 
conditions throughout the tube. Hence h may be determined from Eq. 8.56 


Nud =3.66 + 


0.0668 (D/L)Re D Pr 
l + 0.04[(D/L)Re D Pr] 2/3 


With (D/L)Re D Pr = (0.05/25)398 x 490 = 390, it follows that 

Nu D =3.66+ 26 =11-95. 

1 + 2.14 

Hence, h = Nud — = 11.95 O'^^W/m K _ ^ ^ 7^ and - t f 0 p 0WS ^at 
D 0.05 m ' 


Continued... 



PROBLEM 8.23 (Cont.) 


T m,o =150°C —(l50°C —20°c)exp 


7T (0.05 m) (25 m) 
0.5kg/sx2131J/kg ■ K 


x33 w/ m 2 ■ K 


T = 35°C 

A m,o — v ■ 

From the overall energy balance, Eq. 8.37, it follows that 


< 


q = mcp (T m 0 — T mi ) = 0.5 kg/s x 2131 J/kg ■ K x (35 - 20)° C 

q= 15,980 W. < 

The value of T m o has been grossly overestimated in evaluating the properties. The properties should be 
re-evaluated at T = (20 + 35)/2 = 27°C and the calculations repeated. Iteration should continue until 
satisfactory convergence is achieved between the calculated and assumed values of T ni o . Following such 
a procedure, one would obtain T mo = 36.4°C, Re D = 27.8, h = 32.8 W/m 2 K, and q = 15,660 W. The 
small effect of reevaluating the properties is attributed to the compensating effects on Re D (a large 
decrease) and Pr (a large increase). 


(b) The effect of flowrate on T itm , and q was determined by using the appropriate IHT Correlations and 
Properties Toolpads. 




The heat rate increases with increasing m due to the corresponding increase in Re D and hence h . 

However, the increase is not proportional to m, causing (T m 0 — T m j) = q/mCp , and hence T mo , to 

decrease with increasing m. The maximum heat rate corresponds to the maximum flowrate (m =0.20 
kg/s). 

COMMENTS: Note that significant error would be introduced by assuming fully developed thermal 
conditions and Nup) = 3.66. The flow remains well within the laminar region over the entire range of 
m. 




PROBLEM 8.24 


KNOWN: Inlet temperature and flowrate of oil moving through a tube of prescribed diameter and 
surface temperature. 

FIND: (a) Oil outlet temperature T mo for two tube lengths, 5 m and 100 m, and log mean and arithmetic 
mean temperature differences, (b) Effect of L on T m o and Nud • 

SCHEMATIC: 



m = 0.5 kg/s 

T m ,i= 25 °C 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic energy, potential energy and flow 
work changes, (3) Constant properties. 

PROPERTIES: Table A.4 , Oil (330 K): c p = 2035 J/kg-K, p = 0.0836 N s/m 2 , k = 0.141 W/m-K, Pr = 
1205. 


ANALYSIS: (a) Using Eqs. 8.42b and 8.6 
Tm.o = T s -(T s -T m j )exp 


f ^DL r A 

-h 


mc r 


Re D = 


4m 


4x0.5kg/s 


J 


= 304.6 


xO.025 mxO.0836 N-s/m 2 
Since entry length effects will be significant, use Eq. 8.56 


k 

0.0688 (D/L)Re D Pr 

3.66 + 

0.141W/m- 

K 

3 66-, 2 ' 45 X10 4 D/L 

D 

l + 0.04[(D/L)Re D Pr] 

0.025 m 


J.OO 9 /o 

1 + 205(D/L) Z/J 


For L = 5 m, h = 5.64(3.66 + 17.51) = 119w/m 2 ■ K , hence 

(75°c)exp 


Tm.o = 100 C- 


f 7 rx 0 . 025 mx 5 mxll 9 w/ m 2 K ^ 


0.5 kg/sx 2035 J/kg-K 
2 


= 28.4 C 


For L = 100 m, h = 5.64(3.66 + 3.38) = 40W/m-K , T m , 0 = 44.9°C. 
Also, for L = 5 m. 


< 

< 


AT im ~' 


ATo-ATj 


71.6-75 


fn(AT 0 /ATj) to (71.6/75) 
For L = 100 m, = 64.5° C, 


= 73.3° C AT am = (AT 0 + ATj )/2 = 73.3° C < 


AT am = 65.1C 


(b) The effect of tube length on the outlet temperature and Nusselt number was determined by using the 
Correlations and Properties Toolpads of IHT. 


Continued.. 



PROBLEM 8.24 (Cont.) 



Tube length, L(m) 



The outlet temperature approaches the surface temperature with increasing L, but even for L = 100 m. 
T m , 0 is well below T s . Although Nud decays with increasing L, it is still well above the fully developed 
value of Nu D ,fd = 3.66. 

COMMENTS: (1) The average, mean temperature, T m = 330 K, was significantly overestimated in 
part (a). The accuracy may be improved by evaluating the properties at a lower temperature. (2) Use of 
AT am instead of AT^ m is reasonable for small to moderate values of (T m ,i - T m , 0 ). For large values of 
(T m ,i - Tni,o), AT^ m should be used. 





PROBLEM 8.25 


KNOWN: Oil at 80°C enters a single-tube preheater of 9-mm diameter and 5-m length; tube surface 
maintained at 165°C by swirling combustion gases. 


FIND: Determine the flow rate and heat transfer rate when the outlet temperature is 95°C. 

SCHEMATIC: 



I 


> x Tube, D = 9 mm L = 5 m 


ASSUMPTIONS: (1) Combined entry length, laminar flow, (2) Tube wall is isothermal, (3) 
Negligible kinetic and potential energy, and flow work, (4) Constant properties. 

PROPERTIES: Table A-5, Engine oil, new (T m = (T m>i + T m , 0 )/2 = 361 K): p = 847.5 kg/m 3 , c p = 
2163 J/kg-K, v = 2.931 x 1(T 5 m 2 /s, k = 0.1879 W/m-K, Pr = 3902; (T s - 430 K): p s = 0.047 N s/m 2 . 


ANALYSIS: The overall energy balance, Eq. 8.37, and rate equation, Eq. 8.42b, are 
q = m Op (T m 0 - T m j) 


T -T 

x s 1 m,o 

T -T ■ 
x s 1 m,i 


: exp 


f PLh 3 


me. 


( 1 ) 

( 2 ) 


Not knowing the flow rate m, the Reynolds number cannot be calculated. Assume that the flow is 
laminar, and the combined entry length condition occurs. The average convection coefficient can be 
estimated using the Sieder-Tate correlation, Eq. 8.57, 

\l/3 f .. y0.14 


kr hD 

Nu d=-^ 


1.86 


Rep) Pr 
L/D 


A 

A*s 


(3) 


where all properties are evaluated at T m = (T itm + T m 0 )/2, except for p s at the wall temperature T s . 
The Reynolds number follows from Eq. 8.6, 

Rep)=4m/TD /i (4) 

A tedious trial-and-error solution is avoided by using IHT to solve the system of equations with the 
following result: 

Re D N^ d h D (W/m 2 K) q(W) m(kg/h) 

251 9.54 146 1432 159 ^ 


Note that the flow is laminar, and evaluating xjy using Eq. 8.3, find xjy.h = 44 m so the combined 
entry length condition is appropriate. 





PROBLEM 8.26 


KNOWN: Ethylene glycol flowing through a coiled, thin walled tube submerged in a well-stirred 
water bath maintained at a constant temperature. 

FIND: Heat rate and required tube length for prescribed conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Tube wall thermal resistance negligible, (3) 
Convection coefficient on water side infinite; cooling process approximates constant wall surface 
temperature distribution, (4) KE, PE and flow work changes negligible, (5) Constant properties, (6) 
Negligible heat transfer enhancement associated with the coiling. 


PROPERTIES: Table A-5, Ethylene glycol (T m = (85 + 35)°C/2 = 60°C = 333 K): c p = 2562 
J/kg-K, | x = 0.522 x 10" 2 N s/m 2 , k = 0.260 W/mK, Pr = 51.3. 

ANALYSIS: From an overall energy balance on the tube, 

flconv = mc p (T mo - T mi ) = 0.01 kg/sx 2562 J/kg(35 - 85)° C = -1281 W. (1) < 


For the constant surface temperature condition, from the rate equation, 
A s = flconv /hAT/ta 


( 2 ) 


AT £m = (AT 0 -ATi)/fn 


Ado 

AT 


(35-25)° C-(85-25)°C 


35-25 

|/£^1 = 27.9°C. (3) 

85-25 


Find the Reynolds number to determine flow conditions, 
4m _ 4x0.01 kg/s 


Re D 


■ 813 . 


7t D(t K X 0.003 mx 0.522 xl0' 2 N ■ s/m 2 
Hence, the flow is laminar and, assuming the flow is fully developed, the appropriate correlation is 


(4) 


Nud = — = 3.66, 
k 


h = Nu —= 3.66x0.260—/0.003m = 317 W/m 2 K. (5) 
D m-K 


From Eq. (2), the required area, A s , and tube length, L, are 

A s =1281 W/317 W/m 2 -Kx27.9°C =0.1448 m 2 

L=A s /7t D=0.1448m 2 /7t (0.003m) = 15.4m. < 

COMMENTS: Note that for fully developed laminar flow conditions, the requirement is satisfied: 
Gz ^ = (L/D) / Rep) Pr = (15.3/0.003) / (813 x 51.3) = 0.122 > 0.05. Note also the sign of the heat 
rate q CO nv when using Eqs. (1) and (2). 




PROBLEM 8.27 

KNOWN: Inlet and outlet temperatures and velocity of fluid flow in tube. Tube diameter and length. 
FIND: Surface heat flux and temperatures at x = 0.5 and 10 m. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible heat loss to 
surroundings, (4) Negligible potential and kinetic energy changes and axial conduction. 

PROPERTIES: Pharmaceutical (given): p = 1000 kg/m 3 , c p = 4000 J/kg-K, (I = 2 x 10 3 
kg/sm, k = 0.48 W/mK, Pr = 10. 

ANALYSIS: With 

m = pVA =1000 kg/m 3 (0.2 m/s)7t (0.0127 m) 2 /4 =0.0253 kg/s 
Eq. 8.37 yields 

q = m c p (T mo - TJn,i) = 0.0253 kg/s ( 4000 J/k §' K) 50 K = 5060 W. 

The required heat flux is then 

q' = q/A s = 5060 W/7I (0.0127 m)l0 m = 12,682 W/m 2 . < 

With 

Rep) = pVD/(i =1000 kg/m 3 (0.2 m/s)0.0127 m/2xl0" 3 kg/s m =1270 
the flow is laminar and Eq. 8.23 yields 

Xfd, t = 0.05Re D PrD = 0.05(1270)10(0.0127 m) = 8.06 m. 

Hence, with fully developed hydrodynamic and thermal conditions at x = 10 m, Eq. 8.53 yields 
h (10 m) = Nu D fd (k/D) = 4.36 (0.48 W/m ■ K/0.0127 m)= 164.8 W/m 2 ■ K. 

Hence, from Newton’s law of cooling, 

T s,o = T m,o + (0s / h) = 75°C + (l2,682 W/m 2 /164.8 W/m 2 ■ K) = 152°C. < 

At x = 0.5 m, (x/D)/(Rep)Pr) = 0.0031 and Figure 8.9 yields Nup> ~ 8 for a thermal entry region 

2 

with uniform surface heat flux. Hence, h(0.5 m) = 302.4 W/m K and, since T m increases linearly 
with x, T m (x = 0.5 m) = T m j + (T m o - T m j) (x/L) = 27.5°C. It follows that 

T s (x = 0.5 m) » 27.5°C + (l2,682 W/m 2 /302.4 W/m 2 ■ k) = 69.4°C. 


< 



PROBLEM 8.28 


KNOWN: Inlet temperature, flow rate and properties of hot fluid. Initial temperature, volume and 
properties of pharmaceutical. Heat transfer coefficient at outer surface and dimensions of coil. 

FIND: (a) Expressions for T c (t) and 0 (t), (b) Plots of T c (t) and T\ 0 (t) for prescribed conditions. 
Effect of flow rate on time for pharmaceutical to reach a prescribed temperature. 

SCHEMATIC: 



T c i = 25°C, ¥ c =1m 3 

p c = 1100 kg/m3 
c v c = 2000 J/kg-K 


ASSUMPTIONS: (1) Constant properties, (2) Negligible heat loss from vessel to surroundings, (3) 
Pharmaceutical is isothermal, (4) Negligible work due to stirring, (5) Negligible thermal energy 
generation (or absorption) due to chemical reactions associated with the batch process, (6) Negligible 
kinetic energy, potential energy and flow work changes for the hot fluid, (7) Negligible tube wall 
conduction resistance. 


ANALYSIS: (a) Performing an energy balance for a control surface about the stirred liquid, it 
follows that 


dUc = 4-(Pc V cC v ,c T c) = Pc V c c v,c^“ = q(0 


dt dt v - - - v,. dt 

where, q(t) = riih c p,h (^h,i ~ ,o) 

or, q (t) = UA S AT(? m 

where 

(Th,i _ T c )-(Tj 1?0 -T c ) (Th,i~Tj 10 ) 


AT, 


to 




'Thj-Tc A 

v T h,o-T Cy 


^T ha -T c A 




v T h,o T c ^ 


Substituting (3b) into (3a) and equating to (2), 

( T h,i -T h,o) 


^h c p,h (^h,i Tjj q ) - UA 


S ( Th.i ~T C ^ 


Hence, 


in 


^T h?i -T c A 


v T h,o T c ^ 


in 


UA C 


Th,o T c 


m h c p,h 

or, Tjj 0 (t) = T c + (Tjj j — T c )exp(—UA S /riih Cp h j 

Substituting Eqs. (2) and (4) into Eq. (1), 


( 1 ) 

( 2 ) 

(3a) 

(3b) 


(4) < 


Continued 




PROBLEM 8.28 (Cont.) 


p c V c c v ,c — [^h,i T c (T^i T c ) ex p( UA S / c p j-,) 

dT c c p.h (Th,i _ T c )p , . 

■dT = Pc v c c t , c [‘~ tlp (‘ UAs ' mh c P- h ) 


rT c (t) dT c = m h c p,h 
T c,i (T c -T hi ) Pc^c c v,c 


1 - exp (-UA S / m h c p h )1 f dt 


-in 


Tc Th j 

^c,i _ Th j 


m h c p,h 


P C V C c v,c 


l-exp(-UA s /m h c p<h ) 


T c (t) —(Tjj j T cp )exp 


AhCp.h 1 _ ex P (-UA / m h c p h ) 


p c V c c wc 


(5) < 


Eq. (5) may be used to determine T c (t) and the result used with (4) to determine T| 1-0 (t). 

(b) To evaluate the temperature histories, the overall heat transfer coefficient, u = ^h~' + h- 1 j 


must 


first be determined. With Re D =401/^0^ =4x2.4kg/s/;r(0.05m)0.002N-s/m 2 = 30,600, the flow 
is turbulent and 


, k 0.260 W /m - K 

hj = —Nu D =- 

1 D u 0.05m 


0.023(30,600) 4/5 (20)°' 3 


:1140W/m K 


Hence, U = 


(1000) 1 +(l140) 


-1 


-1 


2 2 

W / m~ • K = 532 W / m ■ K. As shown below, the temperature of 


the pharmaceuticals increases with time due to heat transfer from the hot fluid, approaching the inlet 
temperature of the hot fluid (and its maximum possible temperature of 200°C) at t = 3600s. 



Tim e(s) 

—a— Pharm aceutical, Tc 
-B- Hotfluid, Th 


Continued 





PROBLEM 8.28 (Cont.) 

With increasing T c , the rate of heat transfer from the hot fluid decreases (from 4.49 x 10 5 W at t = 0 
to 6760 W at 3600s), in which case Th, 0 increases (from 125.2°C at t = 0 to 198.9°C at 3600s). The 
time required for the pharmaceuticals to reach a temperature of T c = 160°C is 

t c =1266s < 

With increasing m h , the overall heat transfer coefficient increases due to increasing hj and the hot 
fluid maintains a higher temperature as it flows through the tube. Both effects enhance heat transfer 
to the pharmaceutical, thereby reducing the time to reach 160°C from 2178s for m h = lkg/s to 906s 
at 5 kg/s. 



Mass flowrate, m doth (kg/s) 


For 1 < m h < 5 kg / s, 12,700 < Re D < 63,700 and 565 < hj < 2050 W / m 2 • K. 

COMMENTS: Although design changes involving the length and diameter of the coil can be used to 
alter the heating rate, process control parameters are limited to T h j and m h . 




PROBLEM 8.29 


KNOWN: Tubing with glycerin welded to transformer lateral surface to remove dissipated power. 
Maximum allowable temperature rise of coolant is 6°C. 

FIND: (a) Required coolant rate rii, tube length L and lateral spacing S between turns, and (b) Effect of 
flowrate on outlet temperature and maximum power. 


SCHEMATIC: 


^ Tra nsformer, 1000 W Glycerin, T m ,■ = 24 °C 


H = 500 mm 



D - 20 mm 


D = 300 mm 


ASSUMPTIONS: (1) Steady-state conditions, (2) All heat dissipated by transformer transferred to 
glycerin, (3) Fully developed flow (part a), (4) Negligible kinetic and potential energy changes, (5) 
Negligible tube wall thermal resistance. 

PROPERTIES: Table A.5, Glycerin (T m » 300 K): p = 1259.9 kg/m 3 , c p = 2427 J/kg-K, u = 79.9 x 10 
2 N-s/m 2 , k = 286 x 10 3 W/m-K, Pr = 6780. 

ANALYSIS: (a) From an overall energy balance assuming the maximum temperature rise of the 
glycerin coolant is 6°C, find the flow rate as 

q = mCp (T m;0 - T m i ) m = q/c p (T m , 0 - T m>i ) = 1000 W/2427 j/kg • K (6 K) = 6.87 x 10“ 2 kg/s < 

From Eq. 8.43, the length of tubing can be determined, 

^ _^ m, ° = e x P (-PLh/mc p ) 

A s ^m.i 

where P = TtD. For the tube flow, find 


Re D 


4m 


4x6.87x10 z kg/s 


7rx0.020mx79.9xl0~ 2 N s/m 2 


:5.47 


which implies laminar flow, and if fully developed, 


Nu D = — = 3.66 
k 


(47-30)°C 
(47-24)° C 


: exp 


^ = 3.66x286x10 W/m-K =52 3w / m 2 , K 
0.020 m ' 

-(n (0.020 m) x52.3 w/m 2 • K x l)^ 6.87 x 10“ 2 kg/s x 2427 J/kg • K j 


L= 15.3 m. < 

The number of turns of the tubing, N, is N = L/(7tD) = (15.3 m)/7t(0.3 m) = 16.2 and hence the spacing S 
will be 


S = H/N = 500 mm/16.2 = 30.8 mm. 


Continued.. 



PROBLEM 8.29 (Cont.) 


(b) Parametric calculations were performed using the IHT Correlations Toolpad based on Eq. 8.56 (a 
thermal entry length condition), and the following results were obtained. 



Mass flowrate, mdot(kg/s) 



With T s maintained at 47°C, the maximum allowable transformer power (heat rate) and glycerin outlet 
temperature increase and decrease, respectively, with increasing rh. The increase in q is due to an 

increase in Nud (and hence h) with increasing Re D . The value of Nud increased from 5.3 to 9.4 with 
increasing rh from 0.05 to 0.25 kg/s. 

COMMENTS: Since Gz^ 1 = (L/D)/Re D Pr = (15.3 m/0.02 m)/(5.47 x 6780) = 0.0206 < 0.05, 
entrance length effects are significant, and Eq. 8.56 should be used to determine Nud • 





PROBLEM 8.30 


KNOWN: Diameter and length of copper tubing. Temperature of collector plate to which tubing is 
soldered. Water inlet temperature and flow rate. 

FIND: (a) Water outlet temperature and heat rate, (b) Variation of outlet temperature and heat rate with 
flow rate. Variation of water temperature along tube for the smallest and largest flowrates. 

SCHEMATIC: 



ASSUMPTIONS: (1) Straight tube with smooth surface, (2) Negligible kinetic/potential energy and 
flow work changes, (3) Negligible thermal resistance between plate and tube inner surface, (4) Re D c = 
2300. 

PROPERTIES: Table A.6, water (assume T m = (T m ,, + T s )/2 = 47.5°C = 320.5 K): p = 986 kg/m 3 , c p = 
4180 J/kg-K, p = 577 x 10 6 N-s/m 2 , k = 0.640 W/m-K, Pr = 3.77. Table A.6, water (T, = 343 K): p s = 
400 x 10 6 N-s/m 2 . 


ANALYSIS: (a) For hr = 0.01 kg/s, Re D = 4 m/nDp = 4(0.01 kg/s)/Jt(0.01 m)577 x 10 6 N-s/m 2 = 
2200, in which case the flow may be assumed to be laminar. With Xfp t jD ~ 0.05Re D Pr = 
0.05(2200)(3.77) = 415 and L/D = 800, the flow is fully developed over approximately 50% of the tube 

length. With ^Rejy Pr/(L/D)J^ = 2.30, Eq. 8.57 may therefore be used to compute the 

average convection coefficient 


Nud =1.86 


Rep) Pr 
L/D 



4.27 


h = (k/D)Nu D =4.27(0.640W/m-K)/0.01m = 273w/m 2 -K 
From Eq. 8.42b, 

T s~ T mo f ttDL-^] f nx 0.01mx8mx273W/m 2 -K 

-= exp-h =exp-- 

T s -T mi ( mcp J ^ 0.01kg/sx4180 J/kg ■ K 

T m , 0 =T S -0.194(T S - T m i) = 70°C-8.7°C = 61.3°C < 

Hence, q = mc p (T m 0 -T m i ) = O.Olkg/s(4186 J/kg ■ K)(36.3K) = 1519 W < 


(b) The IHT Correlations , Rate Equations and Properties Tool Pads were used to determine the 
parametric variations. The effect of m was considered in two steps, the first corresponding to m < 

0.011 kg/s (Re D < 2300) and the second for rh > 0.011 kg/s (Re D > 2300). In the first case, Eq. 8.57 was 
used to determine h, while in the second Eq. 8.60 was used. The effects of rh are as follows. 


Continued... 



PROBLEM 8.30 (Cont.) 



Mass flowrate, mdot(kg/s) 


- Laminar flow (ReD < 2300) 



Mass flowrate, mdot(kg/s) 



Mass flowrate, mdot(kg/s) 
-Turbulent flow (ReD>2300) 



Mass flowrate, mdot(kg/s) 


- Laminar flow (ReD < 2300) 


-Turbulent flow (ReD>2300) 


The outlet temperature decreases with increasing m, although the effect is more pronounced for laminar 
flow. If q were independent of hr, (T m , 0 - T nu ) would decrease inversely with increasing hr. In turbulent 

0 8 

flow, however, the convection coefficient, and hence the heat rate, increases approximately as m , 

thereby attenuating the foregoing effect. In laminar flow, q ~ m®‘ and this attenuation is not as 
pronounced. 

The temperature distributions were computed from Eq. 8.43, with h assumed to be independent of x. 

For laminar flow (m = 0.005 kg/s), h was based on the entire tube length (L = 8 m) and computed from 
Eq. 8.57, while for turbulent flow (m = 0.05 kg/s) it was assumed to correspond to the value for fully 
developed flow and computed from Eq. 8.60. The corresponding temperature distributions are as 
follows. 


Continued... 






Mean temperature, Tm(C) 


PROBLEM 8.30 (Cont.) 




The more pronounced increase for turbulent flow is due to the much larger value of h (4300 W/m 2 K for 
hr = 0.05 kg/s relative to 217 W/m 2 K for m = 0.05 kg/s). 





PROBLEM 8.31 


KNOWN: Diameter and surface temperature of ten tubes in an ice bath. Inlet temperature and flowrate 
per tube. Volume (V) of container and initial volume fraction, f v i , of ice. 

FIND: (a) Tube length required to achieve a prescribed air outlet temperature T nM , and time to 
completely melt the ice, (b) Effect of mass flowrate on T m o and suitable design and operating conditions. 

SCHEMATIC: 


— Ice bath 



ASSUMPTIONS: (1) Steady-state, (2) Negligible kinetic/potential energy and flow work changes, (3) 
Constant properties, (4) Fully developed flow throughout each tube, (5) Negligible tube wall thermal 
resistance. 

PROPERTIES: Table A.4, air (assume T m = 292 K): c p = 1007 J/kg-K, p = 180.6 x 10' 7 N s/m 2 , k = 
0.0257 W/m-K, Pr = 0.709; Ice: p = 920 kg/m 3 , h sf = 3.34 x 10 s J/kg. 

ANALYSIS: (a) With Re D = 4 m/7tDp = 4(0.01 kg/s)/7t(0.05 m)180.6 x 10 7 N-s/m 2 = 14,100 for m = 
0.01 kg/s, the flow is turbulent, and from Eq. 8.60, 

Nu D = Nu D = 0.023Re^ 8 Pr 0 3 = 0.023 (14,100)°' 8 (0.709 )°' 3 = 43.3 

h = Nu D (k/D) = 43.3(0.0257 W/m■ K/0.05 m) = 22.2 w/ m 2 ■ K 
With T itm , = 14°C, the tube length may be obtained from Eq. 8.42b, 


T s T m 0 -14 

— — PYD 

( 

;rDLh 

= exp 

7r(0.05m) 

^22.2w/m 2 ■ k|l 

— — CAU 

T -T ■ -24 
x s 1 m,i ^ 

V mC P ; 

O.Olkg/s (1007 J/kg-K) 


L = 1.56 m ^ 

The time required to completely melt the ice may be obtained from an energy balance of the form, 

(-q) t = f v,iV(ph sf ) 

where q = Nmc p (T m?i -T m 0 ) = 10(0.01kg/s)l007 J/kg ■ K(10K) = 1007 W . Hence, 
0.8(l0m 3 )(920kg/m 3 )3.34xl0 5 J/kg 

t =-4- lA - L -= 2.44xl0 6 s = 28.3days < 

1007 W 

(b) Using the appropriate IHT Correlations and Properties Tool Pads, the following results were 
obtained. 


Continued... 



PROPERTIES 8.31 (Cont.) 



Although heat extraction from the air passing through each tube increases with increasing flowrate, the 
increase is not in proportion to the change in m and the temperature difference (T rnj - T mo ) decreases. If 
0.05 kg/s of air is routed through a single tube, the outlet temperature of T mj0 = 16.2°C slightly exceeds 
the desired value of 16°C. The prescribed value could be achieved by slightly increasing the tube length. 
However, in the interest of reducing pressure drop requirements, it would be better to operate at a lower 
flowrate per tube. If, for example, air is routed through four of the tubes at 0.01 kg/s per tube and the 
discharge is mixed with 0.01 kg/s of the available air at 24°C, the desired result would be achieved. 

COMMENTS: Since the flow is turbulent and L/D = 31, the assumption of fully developed flow 
throughout a tube is marginal and the foregoing analysis overestimates the discharge temperature. 




PROBLEM 8.32 


KNOWN: Thermal conductivity and inner and outer diameters of plastic pipe. Volumetric flow rate and inlet 
and outlet temperatures of air flow through pipe. Convection coefficient and temperature of water. 

FIND: Pipe length and fan power requirement. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Negligible heat transfer from air in vertical legs of pipe, (3) 
Negligible flow work and potential and kinetic energy changes for air flow through pipe, (4) Smooth 
interior surface, (5) Constant properties. 


PROPERTIES: Table A-4 , Air (T m>i = 29°C): p { = 1.155 kg / m 3 . Air (T m = 25°C): c p = 1007 
J/kg-K, p = 183.6 x 10~ 7 N s/m 2 , k a = 0.0261 W/m-K, Pr = 0.707. 


ANALYSIS: From Eq. (8.46a) 
= exp 


T -T 
°o ‘m,o 


f UA S 


T -T 

oo A m,i 


me 


where, from Eq. (3.32), 




h^D|L 


2;rLk 


h o^ D o L 


With m = PjVj = 0.0289 kg / s and Re D = 4m / = 13,350, flow in the pipe is turbulent. Assuming 

fully developed flow throughout the pipe, and from Eq. (8.60), 


a 4/5 0 3 0.0261 W / m • KxO.023 , \4/5 / \0 3 2 

<4 r\ mo t~> u tv.. V7 --' / m o c r\ y*' J / r\ nr\n \ w • *-* r i ^r\ at t / ... ^ 


_ 

h: = ^-0.023 Ren " Pr” " = 

D 


0.15m 


-(13,350) (0.707) = 7.20W/m -K 


f 


(ua s r‘ =- 

L 


1 


In (0.17 / 0.15) 


7.21 W/m~ -Kx?rx 0.15m 2;r X0.15 W / m • K 1500 W / m 2 ■ Kx jz x 0.17m 


UA S = 


(0.294 + 0.133 + 0.001) 


- = 2.335L W/K 


Too-Vo 17-21 


T -T ■ 

00 ^m,! 


17-29 


= 0.333 = exp 


2.335 L 


0.0289kg/sxl007 J/kg-K 


= exp (-0.0802 ) 


In (0.333) 

L =---- = 13.7m 

0.0802 


From Eqs. (8.22a) and (8.22b) and with u mi = V; /^D 2 /4 = 1.415m/s, the fan power is 


2 

P = (Ap)V ~ f PlUma L V: =0.0294 
2D: 


1.155kg/m 2 (1.415m/s) 
2(0.15m) 


13.7mx0.025m /s = 0.078W 


where f = 0.316Re D 1/4 = 0.0294 from Eq. (8.20a). 

COMMENTS: (1) With L/Di = 91, the assumption of fully developed flow throughout the pipe is 
justified. (2) The fan power requirement is small, and the process is economical. (3) The resistance 
to heat transfer associated with convection at the outer surface is negligible. 



PROBLEM 8.33 


KNOWN: Flow rate, inlet temperature and desired outlet temperature of water passing through a tube of 
prescribed diameter and surface temperature. 

FIND: (a) Required tube length, L, for prescribed conditions, (b) Required length using tube diameters 
over the range 30 < D < 50 mm with flow rates m = 1, 2 and 3 kg/s; represent this design information 
graphically, and (c) Pressure gradient as a function of tube diameter for the three flow rates assuming the 
tube wall is smooth. 


SCHEMATIC: 


Water 



' m,o 

D = 0.04 m 


tin = 2 kg/s 

T m ,i = 25°^ 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible potential energy, kinetic energy and flow 
work changes, (3) Constant properties. 

PROPERTIES: Table A.6, Water (T m = 323 K): c p = 4181 J/kg-K, p = 547 x 10 6 N-s/m 2 , k = 0.643 
W/m-K, Pr = 3.56. 

ANALYSIS: (a) From Eq. 8.6, the Reynolds number is 

4x2kg/s = 1.16xl0 5 . 


Re D = 


4m 


7T (0.04 m) 547 xl0~ 6 N-s/m 


(1) 


Hence the flow is turbulent, and assuming fully developed conditions throughout the tube, it follows 
from the Dittus-Boelter correlation, Eq. 8.60, 

\4 / 5 


— k 4/5 0 4 0.643 W/m-K 

h = — 0.023 Re/, Pr =---0.023 

D 0.04 m 


(l.l6xl0 5 ) (3.56 )°' 4 =6919 


W/m-K 


( 2 ) 


From Eq. 8.42a, we then obtain 

-mc p /n (AT 0 /AT- ) 2 k §A (4181 J/kg • K) £n (l5°c/ 75° c) 


L = 


7TDh 


7r(0.04m)6919w/m 2 -K 


= 10.6m. 


(b) Using the IHT Correlations Tool, Internal 
Flow, for fully developed Turbulent Flow, along 
with appropriate energy balance and rate 
equations, the required length L as a function of 
flow rate is computed and plotted on the right. 



Tube diameter, D (mm) 


-e— Flow rate, mdot = 1 kg/s 

- mdot = 2 kg/s 

■A— mdot = 3 kg/s 


Continued... 




PROBLEM 8.33 (Cont.) 


(c) From Eq. 8.22a the pressure drop is 

*£ = t £Hi ( 4) 

Ax 2D 

The friction factor, f, for the smooth surface condition, Eq. 8.21 with 3000 < Re D < 5 x 10 6 , is 

f =(0.790fn(Re D )-1.64)“ 2 (5) 


Using IHT with these equations and Eq. (1), the 
pressure gradient as a function of diameter for 
the selected flow rates is computed and plotted 
on the right. 



-e— Flow rate, mdot = 1 kg/s 

- mdot = 2 kg/s 

-A— mdot = 3 kg/s 


COMMENTS: (1) Since L/D = (10.6/0.040) = 265, the assumption of fully developed conditions 
throughout is justified. 

(2) The IHT Workspace used to generate the graphical results are shown below. 

// Rate Equation Tool - Tube Flow with Constant Surface Temperature: 

/* For flow through a tube with a uniform wall temperature, Fig 8.7b, the 
overall energy balance and heat rate equations are */ 
q = mdot*cp*(Tmo - Tmi) // Heat rate, W; Eq 8.37 

(Ts - Tmo) / (Ts - Tmi) = exp (- P * L * hDbar / (mdot * cp)) // Eq 8.42b 

// where the fluid and constant tube wall temperatures are 

Ts = 100 + 273 //Tube wall temperature, K 

Tmi = 25 + 273 // Inlet mean fluid temperature, K 

Tmo = 75 + 273 // Outlet mean fluid temperature, K 

// The tube parameters are 

P = pi * D // Perimeter, m 

Ac = pi * (D A 2) / 4 // Cross sectional area, m A 2 

D = 0.040 //Tube diameter, m 

D_mm = D * 1000 

// The tube mass flow rate and fluid thermophysical properties are 
mdot = rho * urn * Ac 

mdot = 1 // Mass flow rate, kg/s 

// Correlation Tool - Internal Flow, Fully Developed Turbulent Flow (Assumed): 

NuDbar = NuD_bar_IF_T_FD(FteD,Pr,n) //Eq 8.60 
n = 0.4 // n = 0.4 or 0.3 for Ts>Tm or Ts<Tm 
NuDbar = hDbar * D / k 
ReD = urn * D / nu 

r Evaluate properties at the fluid average mean temperature, Tmbar. */ 

Tmbar = Tfluid_avg (Tmi,Tmo) 

// Properties Tool - Water: 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

x = 0 // Quality (0=sat liquid or 1=sat vapor) 

rho = rho_Tx("Water",Tmbar,x) // Density, kg/m A 3 

cp = cp_Tx("Water",Tmbar,x) // Specific heat, J/kg-K 

nu = nu_Tx("Water",Tmbar,x) // Kinematic viscosity, m A 2/s 

k = k_Tx("Water",Tmbar,x) //Thermal conductivity, W/m-K 
Pr = Pr_Tx("Water",Tmbar,x) // Prandtl number 

// Pressure Gradient, Equations 8.21, 8.22a: 

dPdx = f * rho * um A 2 / ( 2 * D ) 
f = ( 0.790 * In (ReD) - 1.64 ) A -2 




PROBLEM 8.34 


KNOWN: Flow rate and inlet temperature of water passing through a tube of prescribed length, 
diameter and surface temperature. 


FIND: (a) Outlet water temperature and rate of heat transfer to water for prescribed conditions, and (b) 
Compute and plot the required tube length L to achieve T m o found in part (a) as a function of the surface 
temperature for the range 85 < T s < 95°C. 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible kinetic energy, 
potential energy and flow work effects, (4) Fully developed flow conditions. 


PROPERTIES: Table A.6, Water ( T m » 325 K): c p = 4182 J/kg-K, p = 528 x 10 6 N-s/m 2 , k = 0.645 
W/m-K, Pr = 3.42. 


ANALYSIS: (a) From Eq. 8.6, the Reynolds number is 


Re D = 


4m 


4x2kg/s 

% (0.04m)528xl0~ 6 N-s/m 2 


1.21xl0 5 . 


Hence the flow is turbulent, and assuming fully developed conditions throughout the tube, it follows 
from the Dittus-Boelter correlation, Eq. 8.60, 


h=4 0 .023Re 4 D ' 5 Pr»“=5^> K 

D 0.04 m 


0.023(l.21xl0 5 ) 4/5 (3.42)°' 4 = 7064 w/m 2 • K . 


From the energy balance relation, Eq. 8.42b, 

Tm,o = T s -(T s -T m j )exp 


( 1-\T ^ 

;rDL — 
-h 


T m,o = 90° C - ^90° C - 25° C j exp 


mc n 

V V ) 
f 


7rx0.04mx4m / ? 

7064 W/ rn • K 


2kg/sx4182J/kg • K 


= 47.5 C 


J 


From the overall energy balance, Eq. 8.37, 

q = mcp (T m 0 -T m?i ) = 2kg/sx4182 J/kg ■ K (47.5 -25)° C = 188kW . 


< 

< 


(b) Using the IHT Correlations Tool, Internal Flow, for fully developed Turbulent Flow, along with the 
energy balance and rate equations used above, the required length, L, to achieve T m o = 44.9°C (see 
comment 1 below) as a function of tube surface temperature is computed and plotted below. 


Continued... 



PROBLEM 8.34 (Cont.) 



Tube temperature, Ts (C) 


From the plot, the outlet temperature increases nearly linearly with the surface temperature. The 
convection coefficient and heat rate show similar behavior for this range of conditions. 

COMMENTS: (1) The mean temperature T m = 325 K was overestimated in part (a). Another iteration 
is recommended and the results with T m = 309 K are: h = 6091 W/m 2 K, T m _ 0 = 44.9°C and q = 167 
kW. 

(2) The IHT Workspace used to generate the graphical results are shown below. 

// Rate Equation Tool - Tube Flow with Constant Surface Temperature: 

/* For flow through a tube with a uniform wall temperature, Fig 8.7b, the overall energy balance and heat 
rate equations are */ 

q = mdot*cp*(Tmo - Tmi) // Fleat rate, W; Eq 8.37 

(Ts - Tmo) / (Ts - Tmi) = exp (- P * L * hDbar / (mdot * cp)) // Eq 8.42b 

// where the fluid and constant tube wall temperatures are 

Ts = 90 + 273 //Tube wall temperature, K 

Ts_C = Ts - 273 

Tmi = 25 + 273 // Inlet mean fluid temperature, K 

//Tmo = // Outlet mean fluid temperature, K 

Tmo_C = Tmo - 273 

// The tube parameters are 

P = pi * D // Perimeter, m 

Ac = pi * (D A 2) / 4 // Cross sectional area, m A 2 

D = 0.040 //Tube diameter, m 

D_mm = D * 1000 

L = 4 //Tube length, m; unknown 

// The tube mass flow rate and fluid thermophysical properties are 

mdot = rho * urn * Ac 

mdot = 2 // Mass flow rate, kg/s 

// Correlation Tool - Internal Flow, Fully Developed Turbulent Flow (Assumed): 

NuDbar = NuD_bar_IF_T_FD(FteD,Pr,n) //Eq 8.60 
n = 0.4 // n = 0.4 or 0.3 for Ts>Tm or Ts<Tm 
NuDbar = hDbar * D / k 
FteD = urn * D / nu 

/* Evaluate properties at the fluid average mean temperature, Tmbar. */ 

Tmbar = Tfluid_avg (Tmi,Tmo) 

// Properties Tool - Water: 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

x = 0 // Quality (0=sat liquid or 1 =sat vapor) 

rho = rho_Tx("Water",Tmbar,x) // Density, kg/m A 3 

cp = cp_Tx("Water",Tmbar,x) // Specific heat, J/kg-K 

mu = mu_Tx("Water",Tmbar,x) // Viscosity, N-s/m A 2 

nu = nu_Tx("Water",Tmbar,x) // Kinematic viscosity, m A 2/s 

k = k_Tx("Water",Tmbar,x) // Thermal conductivity, W/m-K 

Pr = Pr_Tx("Water",Tmbar,x) // Prandtl number 




PROBLEM 8.35 


KNOWN: Diameters and thermal conductivity of steel pipe. Temperature and velocity of water flow 
in pipe. Temperature and velocity of air in cross flow over pipe. Cost of producing hot water. 

FIND: Daily cost of heat loss per unit length of pipe. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady state, (2) Constant properties, (3) Negligible radiation from outer 
surface, (4) Fully-developed flow in pipe. 

PROPERTIES: Table A-4 , air (p = 1 atm, T f - 300K): k a = 0.0263 W/m-K, v a = 15.89 x 10' 6 m 2 /s, 
Pr a = 0.707. Table A-6, water (T m = 323 K): p w = 988 kg/m 3 , p w = 548 x 10' 6 N-s/m 2 , k w = 0.643 
W/m-K, Pr w = 3.56. 


ANALYSIS: The heat loss per unit length of pipe is 
/ 

q = 


T -T 

A m A oo 


T -T 

A m A oo 


Rcnv,w + Rend + R cnv,a ( h+ ln ( D o /D i) + (h a ,rD 0 )“ 1 

2^kp 


With Re Dw = p w u m D i /p w = 988kg/m 3 x0.5m/sx0.084m/548xl0 6 N-s/m 2 =75,700, flow is 
turbulent, and for fully developed conditions, the Dittus-Boelter correlation yields 


h w = ^4 0.023 Re®' 8 

Dj D w 


PrJ- 3 = 0.023 


0.643 W /m - K 
0.084 m 


(75,700) 0 8 (3.56) U J = 2060 W/m z • K 


\0.3 


With Re D a = VD 0 /v a = 3m/sx(0.1m)/15.89x10 6 m 2 /s = 18,880, the Churchill-Bernstein 
correlation yields 

f 

r4/5 


- k a 

— l-> —_4 


ho = h = 


D r 


0.3+ - 


°- 62Re D,a Pr l /3 


l + (0.4/Pr a ) 


2/3 


1/4 


1 + 


Rep, w 

282,000 


\5/8 


= 20.1 W/m z ■ K 


Hence, 


50°C-(-5°C) 


(*• 


84x10 3 +0.46x10 3 +158.3610 3 |K/W 


= 342 W / m = 0.342 kW / m 


The daily energy loss is then 


Q'= 0.346kW/mx24h/d = 8.22kW h/d m 


and the associated cost is C / = (8.22kW ■ h / d ■ m)($0.05 /kW ■ h) = $0.411/ m- d < 
COMMENTS: Because R^. nv a » R^. nv w , the convection resistance for the water side of the pipe 
could have been neglected, with negligible error. The implication is that the temperature of the pipe’s 
inner surface closely approximates that of the water. If R^ nv w is neglected, the heat loss is 

q = 346 W / m. 







PROBLEM 8.36 


KNOWN: Inner and outer diameter of a steel pipe insulated on the outside and experiencing 
uniform heat generation. Flow rate and inlet temperature of water flowing through the pipe. 

FIND: (a) Pipe length required to achieve desired outlet temperature, (b) Location and value of 
maximum pipe temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible kinetic 
energy, potential energy and flow work changes, (4) One-dimensional radial conduction in pipe wall, 
(5) Outer surface in adiabatic. 

PROPERTIES: Table A-l, Stainless steel 316 (T ~ 400K): k = 15 W/m-K; Table A-6 , Water 

S' 

(T m =303K): c p = 4178 J/kg-K, k = 0.617 W/m-K, n = 803 x 10' N s/m , Pr = 5.45. 


ANALYSIS: (a) Performing an energy balance for a control volume about the inner tube, it follows 
that 

I ^ lc p (T;m,o =q = q(7t/4) |d o -D- |l 


ri lc p(Tm,o Tm,i) 

q(*/4) (d?-d, 2 ) 


(0.1kg/s)4178(J/kg-K)20°C 


10 6 W/m 3 (tc /4) (0.04m) 2 -(0.02m)" 


L= 8.87m. < 

(b) The maximum wall temperature exists at the pipe exit (x = L) and the insulated surface (r = r Q ). 
From Eq. 3.50, the radial temperature distribution in the wall is of the form 


T(r) = —3-r 2 +Cifnr + C 2 . 
W 4k 

Considering the boundary conditions; 


r =r n 


cfp 


Cl 


7r=r 0 


2k 


Cl 


q'o 

2k 


Continued 





PROBLEM 8.36 (Cont.) 


r = n : T(r;) = T s =--3-r 2 +-3-^_^nr.+C 2 C 2 =—r z -- 

v ' 4k 1 2k 4k 1 

The temperature distribution and the maximum wall temperature (r = r Q ) are 

T(r) = —3-(r 2 -r. 2 ) + -3-^_£n - + T S 
W 4k V 1 / 2k q 

T w ,max =T(r G ) =-^(r 2 -r 2 ) + ^ + T S 

4k v ’ 2k q 

where T s , the inner surface temperature of the wall at the exit, follows from 
q(7t/4) (D?-D?)L q(D§-D?) 


_ q .2 qr G 


fn q +T S . 


• 2 


qr 0 

fn —+ T S 

2k 

r i 

L2_ 

_r 2 U 4r o 

\ 

1 ' 2k 


7t DjL 


; h(T s T mo j 


where h is the local convection coefficient at the exit. With 

4 hi 4x0.1 kg/s 

Re D =-=--q =7928 

n D i(^ n (0.02m)803xl0 _b N-s/m 2 

the flow is turbulent and, with (L/Dp = (8.87 m/0.02m) = 444 » (xfy/D) ~ 10, it is also fully 
developed. Hence, from the Dittus-Boelter correlation, Eq. 8.60, 

k /_4/s„ nr\ 0.617 W/m-K_,_,. 4/5 0.4 _.. 0 „ 


h =^-|o.023 Re^ 5 Pr 0 ' 4 


0.02 m 


0.023(7928) 4/3 5.45 u - 4 = 1840 W/m 2 -K. 


Hence, the inner surface temperature of the wall at the exit is 

qfD 2 -D 2 j 10 6 W/m 3 (0.04m) 2 -(0.02m) z 

t - '_ - + T -_ - _ 

4hD i 4x1840 W/m 2 -K (0.02m) 


+40 C = 48.2 C 


l w,max 


10 6 W/m 3 
4x15 W/m -K 

1 A 6 YX T/ m ~ 


(0.02m) 2 -(0.01m) 2 


10° W/nC (0.02mf 0.02 

+---—fn——+48.2 C = 52.4 C. 

2x15 W/m-K 0.01 

COMMENTS: The physical situation corresponds to a uniform surface heat flux, and T m 
increases linearly with x. In the fully developed region, T s also increases linearly with x. 





PROBLEM 8.37 


KNOWN: Dimensions and thermal conductivity of concrete duct. Convection conditions of ambient 
air. Flow rate and inlet temperature of water flow through duct. 

FIND: (a) Outlet temperature, (b) Pressure drop and pump power requirement, (c) Effect of flow rate 
and pipe diameter on outlet temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Fully developed flow throughout duct, (3) Negligible pipe 
wall conduction resistance, (4) Negligible potential energy, kinetic energy and flow work changes for 
water, (5) Constant properties. 

PROPERTIES: Table A-6, water (T m = 360K): p=967kg/m 3 , c p = 4203 J/kg • K, p=324xl0 -6 

N-s/m 2 , k w =0.674W/m-K, Pr = 2.02. 

ANALYSIS: (a) The outlet temperature is given by 
Tm,o = Too + (T m j — Too )exp^—UA/mCp) 

where 

UA = (R tot ) = ( R cnv,w + Rcnd + R cnv,a) 

ln(l.08w/D) In (1.08x0.30m/0.15m) _ 4 

Rend = — -- = —^---- = 8.75x10 4 K/W 

cna 2zrkL 2n (1.4 W/m - K) 100m 

R cnv,a =(4wLh) _1 = (4x0.3mxl00mx25W/m 2 ■ k) 1 = 3.33xl0“ 4 K/W 
With Rep) =4m/7rD/i = (4x2kg /s)/|^ x0.15mx324x 10 ^N s/m^j = 52,400, 
h w *h fd = —0.023Rep 5 Pr 0 ' 3 = °' 674 W7m ' Kx0 - 023 ( 52 , 4 Qo) 4/5 (2.02) 03 =761 W/m 2 K 


0.15m 


^cnv,w 


= ( 2 - 


(^DLh w ) =^x0.15mxl00mx761W/m 2 Kj = 2.79xl0~ 5 K/W 
UA = | (2.79 x10 _5 +8.75x10“ 4 +3.33x10“ 4 )k/W 1 =809W/K 


T m,o = 0°C + 90°C exp 


809 W/K 

2kg/sx 4203J/kg■K 


= 81.7°C 


Continued 



PROBLEM 8.37 (Cont.) 


(b) With f = 0.0206 from Fig. 8.3 and u m = m /pKU /4 = 0.117m/s, 

,3 (r\ i i n ... / _ \2 


2 

Ap = f 22-L = 0.0206 


2D 


967kg/rn (0.117m/s r 2 -4 ^ 

- 5 ---—100m = 91 N/nT =8.98x10 4 bars < 

2x0.15m 


,-3 3 


With V = m / p = 2.07 x 10 m / s, the pump power requirement is 
P = ApV = (c 


[ 91N / trU j 2.07 x 10~ 3 m 3 /s = 0.19W 


(c) The effects of varying the flowrate and duct diameter were assessed using the IHT software, and 
results are shown below. 



Mass flow rate, m dot(kg/s) 



Although R cnv w , and hence R tot , decreases with increasing m , thereby increasing UA, the effect is 
significantly less than that of m to the first power, causing the exponential term, exp (-UA / m c p ), to 
approach unity and T m 0 to approach T m j. The effect can alternatively be attributed to a reduction 

in the residence time of the water in the pipe (u m increases with increasing m for fixed D). With 
increasing D for fixed m and w, T m 0 decreases due to an increase in the residence time, as well as a 

reduction in the conduction resistance, R cn( j. 

COMMENTS: (1) Use of T m = 360 K to evaluate properties of the water for Parts (a) and (b) is 
reasonable, and iteration is not necessary. (2) The pressure drop and pump power requirement are 
small. 





PROBLEM 8.38 


KNOWN: Water flow through a thick-walled tube immersed in a well stirred, hot reaction tank 
maintained at 85 °C; conduction thermal resistance of the tube wall based upon the inner surface area 

is R" d =0.002 m 2 -K/W. 


FIND: (a) The outlet temperature of the process fluid, T m o ; assume, and then justify, fully 
developed flow and thermal conditions within the tube; and (b) Do you expect T m 0 to increase or 
decrease if the combined thermal entry condition exists within the tube? Estimate the outlet 
temperature of the process fluid for this condition. 

SCHEMATIC: 



ASSUMPTIONS: (1) Flow is fully developed, part (a), (2) Constant properties, (3) Negligible 
kinetic and potential energy changes and flow work, and (4) Constant wall temperature heating. 


PROPERTIES: Table A-6, Water (T m = (T m , 0 + T md )/2 = 337 K): c p = 4187 J/kg-K, p = 4.415 x 
10" 4 N-s/m 2 , k = 0.6574 W/m-K, Pr = 2.80; (T s = 358 K): p s = 3.316 x 10" 4 N-s/m 2 . 

ANALYSIS: (a) The outlet temperature is determined from the rate equation, Eq. 8.46a, written as 
Ts - T m o f UA S ^ 

-— = exp-- (1) 

^s - T m j ^ rii c p , 

where the overall coefficient, based upon the inner surface area of the tube is expressed in terms of 
the convection and conduction thermal resistances, 

i = - + R cdi 
U h CCM 

(2) _ 

To estimate h, begin by characterizing the flow 

Rep)=4m/7rD/t (3) 

Re D =4(33/3600 kg /s)/;rx0.012 mx4.415xlO“ 4 N-s/m 2 = 2210 

Consider the flow as laminar, and assuming fully developed conditions, estimate h with the 
correlation of Eq. 8.55, 

Nu n =hD/k = 3.66 (4) 


h = 3.66x0.6574W/m - K/0.012 m = 201 W/m-K 

From Eq. (2), 

U= 1/201 W/m 2 -K + 0.002 m 2 -K/W 1 = 143.1 W/m 2 ■ K 

and from Eq. (1), with A s = 7tDL, calculate T m o . 


Continued 






PROBLEM 8.38 (Cont.) 


143.1 W/m 2 KxttxO. 012 mx8 m ' 

33/3600 kg/sx4187 J/kg-K 

v 

t - 64°C < 

i m,o v - ^ 

Fully developed flow and thermal conditions are justified if the tube length is much greater than the 
fully developed length Xf^ t . From Eq. 8.23, 


85 -T, 


m,o 


85-20 


= exp 


Xfd t 

-^ = 0.05 Re D Pr 
D 


Xfd t =0.012 mx0.05x221.0x2.41 = 3.20 m 


That is, the length is only twice that required to reach fully developed conditions. 

(b) Considering combined entry length conditions, estimate the convection coefficient using the 
Sieder-Tate correlation, Eq. 8.56, 


Nu 


D 


3.66 + - 


0.0668 (D/L)Re D Pr 
l + 0.04[(D/L)Re D Pr] 2/3 


(5) 


substituting numerical values, find 

Nu d = 4.05 h = 222 W/m 2 ■ K 


which is a 10% increase over the fully developed analysis result. Using the foregoing relations, find 


U = 154 W/m 2 K T m 0 = 65.5°C 


< 


COMMENTS: (1) The thermophysical properties for the fully developed correlation are evaluated at 
the mean fluid temperature T m = (T mo + T m j)/2. The values are shown above in the properties 
section. 


(2) For the Sieder-Tate correlation, the properties are also evaluated at T m , except for p s , which is 
evaluated at T s . 

(3) For this case where the tube length is about twice xjy t , the average heat transfer coefficient is 
larger as we would expect, but amounts to only a 10% increase. 



PROBLEM 8.39 


KNOWN: Flow rate and temperature of atmospheric air entering a duct of prescribed diameter, length 
and surface temperature. 

FIND: (a) Air outlet temperature and duct heat loss for the prescribed conditions and (b) Calculate and 
plot q and Ap for the range of diameters, 0.1 < D < 0.2 m, maintaining the total surface area, A s = 7 tDL, at 
the same value as part (a). Explain the trade off between the heat transfer rate and pressure drop. 

SCHEMATIC: 


D = 0.15 m 


m = 0.04 kg/s 

T m ,i= 60 °C^r 

p = 1 atm 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible kinetic energy and 
potential energy changes, (4) Uniform surface temperature, (5) Fully developed flow conditions. 

PROPERTIES: Table A.4, Air (T m ==310 K, 1 atm): p = 1.128 kg/m 3 , c p = 1007 J/kg-K, p = 189x 10 



N s/m“, k = 0.027 W/m-K, Pr = 0.706. 

4x0.04 kg/s 


ANALYSIS: (a) With 
4m 

Re D 


7t (0.15m)l89xl0 _/ N -s/m^ 


: 17,965 


the flow is turbulent. Assuming fully developed conditions throughout the tube, it follows from the 
Dittus-Boelter correlation, Eq. 8.60, that 

— k 4 /s 04 0.027 W/m-K , , 4 / 5 , ,04 / 2 

h = —0.023Rep, Pr =---0.023(17,965) (0.706) = 9.44 W/m 2 • K . 

D 0.15m 


Hence, from the energy balance relation, Eq. 8.42b, 
Tm,o = Ts ~(Ts _ T m j )exp 


( 1-\T 4 

;rDL — 

-h 


me. 


v 


J 


T mo =15°C + 45°Cexp 


K (0.15m)l0m|9.44w/m 2 ■ k| 
0.04 kg/s (1007 J/kg-K) 


= 29.9 C 


From the overall energy balance, Eq. 8.37, it follows that 

q = mcp (T m 0 -T m>i ) = 0.04kg/sxl007 J/kg ■ K(29.9-60)° C = -1212W . 

From Eq. 8.22a, the pressure drop is 

Ap = f^L 
2D 


Continued... 



PROBLEM 8.39 (Cont.) 

and for the smooth surface conditions, Eq. 8.21 can be used to evaluate the friction factor, 
f =(0.7901n(Re D )-1.64)“ 2 =(0.7901n(17,965)-1.64)“ 2 =0.0269 
Hence, the pressure drop is 

1.128kg/m^ (2.0m/s) 2 / 9 ^ 

Ap = 0.0269--- ixlOm = 4.03 N/irr < 

2x0.15m ' 

where u m = m/pA c = 0.04kg/sy^l. 128kg/nr 5 x|;r0.15 2 m 2 /4j = 2.0m/s. 

(b) For the prescribed conditions of part (a), A s = 7tDL = 71(0.15 m) x 10 m = 4.712 m”, using the IHT 
Correlations Tool, Internal Flow for fully developed Turbulent Flow along with the energy balance 
equation, rate equation and pressure drop equations used above, the heat rate q and Ap are calculated and 
plotted below. 



From above, as D increases, L decreases so that 
A s remains unchanged. The decrease in heat 
rate with increasing diameter is nearly linear, 
while the pressure drop decreases markedly. 

This is the trade off: increased heat rate requires 
a more significant increase in pressure drop, and 
hence fan blower power requirements. 



Tube diameter, D (mm) 

COMMENTS: (1) To check the calculations, compute q from Eq. 8.44, where AT^ m is given by Eq. 
8.45. It follows that AT£ m = -27.1°C and q = -1206 W. The small difference in results may be attributed 
to round-off error. 


(2) For part (a), a slight improvement in accuracy may be obtained by evaluating the properties at T m = 
318 K: h = 9.42 W/m 2 K, T m , 0 = 303 K = 30°C, q = -1211 W, f = 0.0271 and Ap = 4.20 N/m 2 . 





PROBLEM 8.40 

KNOWN: Inlet temperature, pressure and flow rate of air. Tube diameter and length. Pressure of 
saturated steam. 

FIND: Outlet temperature and pressure of air. Mass rate of steam condensation. 

SCHEMATIC: 


r^Sat.^-s 
p = 2.455 bar Csteamy 

rh c = 0.03 kg/s 
T m ,i=17°C 
Pi = 5 atm 



ZZ/////Z Z; 

L = 5 m 



D; = 0.05 m 


ASSUMPTIONS: (1) Steady-state, (2) Outer surface of annulus is adiabatic, (3) Negligible potential 
energy, kinetic energy and flow work changes for air, (4) Fully-developed flow throughout the tube, 
(5) Smooth tube surface, (6) Constant properties. 

PROPERTIES: Table A-4, air (T m « 325K, p = 5atm): p = 5xp (latm) = 5.391kg/m 3 , 
c p =1008J/kgK, p = 196.4xl0 _7 Ns/m 2 , k = 0.0281 W/m • K, Pr = 0.703. Table A-6, sat. steam (p 
= 2.455 bars): T s = 400 K, h fg = 2183 kJ/kg. 

ANALYSIS: With a uniform surface temperature, the air outlet temperature is 


Tm.o = T s ~ (T s - T m j) exp 7 ^ h 


With Rejy = 4m/7rDj fl = 0.12 kg /sin (0.05m) 196.4x10 ' kg/s • m = 38,980, the flow is 
turbulent, and the Dittus-Boelter correlation yields 


h » h fH = — 0.023 Ren Pr = 


4/5 „ 0.4 ( 0.0281 W/m-K 


0.05m 


T mo =127°C-(110°C)exp - 


0.023(38,980) 4/5 (0.703) 0 ' 4 = 52.8 W/m 2 • K 


:99°C 


7rx0.05mx5mx52.8W/rrC ■ K 
0.03 kg / s x 1008 J / kg ■ K 


The pressure drop is Ap = f ^pu^/2D i |l, where, with A c = n D 2 /4 = 1.963x10 3 m 2 , 

u m = m/ pA c = 2.83m/s, and with Re D = 38,980, Fig. 8.3 yields f « 0.022. Hence, 

a (2.83m/s) 2 5m 2-4 ^ 

Ap = 0.022x5.39lkg/nr ---= 95N/m 2 = 9.4x10 4 atm < 

2x0.05m 

The rate of heat transfer to the air is 

q = m c p (T m 0 - T m j) = 0.03kg / s x 1008 J / kg ■ K (82°C) = 2480 W 
and the rate of condensation is then 

q 2480 W m-3i 1 ^ 

m c =—— =---= 1.14x10 J kg/s < 

h fg 2.183xl0 6 J/kg 

COMMENTS: (l)With T m = (T m j +T m 0 )/2 = 331K, the initial estimate of 325 Kis reasonable 
and iteration is not necessary. (2) For a steam flow rate of O.Of kg/s, approximately 10% of the 
outflow would be in the form of saturated liquid, (3) With L/Di = 100, it is reasonable to assume fully 
developed flow throughout the tube. 









PROBLEM 8.41 


KNOWN: Duct diameter and length. Thermal conductivity of insulation. Gas inlet temperature and 
velocity and minimum allowable outlet temperature. Temperature and velocity of air in cross flow. 

FIND: Minimum allowable insulation thickness. 


SCHEMATIC: 



ASSUMPTIONS: (1) Negligible potential and kinetic energy and flow work changes for gas flow 
through duct, (2) Fully developed flow throughout duct, (3) Negligible duct wall conduction 
resistance, (4) Negligible effect of insulation thickness on outer convection coefficient and thermal 
resistance, (5) Properties of gas may be approximated as those of air. 

PROPERTIES: Table A-4, air (p = 1 atm). T mj = 1600K: (p, = 0.218 kg/m 3 ). T m = (T m>i +T m , () j/2 
= 1500K: (p = 0.232 kg/m 3 , c p = 1230 J/kg-K, p = 557 x 10' 7 N s/m 2 , k = 0.100 W/m-K, Pr = 0.685). 
T f » 300K (assumed): v= 15.89 x 10' 6 m 2 /s, k = 0.0263 W/m-K, Pr = 0.707. 


ANALYSIS: From Eqs. (8.46a) and (3.19), 
Too-Vo _ -1150 K 


Xx. ~ T m i -1350 K 


= 0.852 = exp 


f UA S 3 


mc r 


f 


= exp 


J 


R tot mc r 


Hence, with m = (p u m A c ). = 0.218 kg / m 3 xlOm/ s xk (lm) 2 / 4 = 1.712 kg /s, 

R tot = —[mCp In(0.852)] _1 = — [l.712kg/sxl230J/kg • Kx(-0.160)] -1 = 2.96x10 3 K/W 


The total thermal resistance is 


. ._i ln(D 0 /Dj) 1 

^tot = ^conv,i + Rcond,ins + ^conv,o = (hprDpL) H —- - l-(h 0 ^:D 0 L) 


2^: kins L 


( 1 ) 


With Re D i =4m/a-D i p = (4xl.712kg/s)/^xlmx557xl0 7 N • s/m 2 j = 39,130, the Dittus-Boelter 
correlation yields 

0.023(39,130) 4/5 (0.685) 1/3 = 9.57 W/m 2 • K 

V “ / \ / 

The internal resistance is then 

Rconv.i = (hprDjL) -1 = ^9.57 W/m 2 ■ KxTrxlmxlOOmj 1 =3.33xl0 -4 K/W 

6 2 5 

With Rej) » VDi/v= 15 m/s x lm/15.89 x 10 m“/s = 9.44 x 10~, the Churchill-Bernstein correlation 
yields 


h i = 


n 


j0.023Rep /3 Pr 1/3 


u.iuu w / m • js. 


1m 


Continued 




PROBLEM 8.41 (Cont.) 


h °” d n 3+ 


0.62Rel{ 2 Pr 17 ^ 


l + (0.4/Pr) z 


2 /3l 1/4 1282,000 


■ = 30.9 W/m z ■ K 


R conv,o « ( h o^ D i L ) 1 =(30.9W/m 2 Kx^:xlmxl00m) * = 1.03xl0“ 4 K/W 
Hence, from Eq. (1) 

ln ( D ° /D i) = f2.96xl0~ 3 -3.33xl0 -4 -1.03x10“ 4 )k/W = 2.52xl0 -3 K/W 

2k kj ns L 

D 0 =Di exp ^2^kj ns Lx2.52xlO _3 K / W j = lmxexp^1.58x10 “ K / Wx0.125 W/m • KxlOOm j = 1.22m 
Hence, the minimum insulation thickness is 


tmin _ (Do Dj) / 2 - 0.1 lm 


COMMENTS: With D 0 = 1.22m, use of Dj = lm to evaluate the outer convection coefficient and 
thermal resistance is a reasonable approximation. However, improved accuracy may be obtained by 
using the calculated value of D 0 to determine conditions at the outer surface and iterating on the 
solution. 



PROBLEM 8.42 


KNOWN: Flow rate, inlet temperature and desired outlet temperature of liquid mercury flowing 
through a tube of prescribed diameter and surface temperature. 

FIND: Required tube length and error associated with use of a correlation for moderate to large Pr 
fluids. 


SCHEMATIC: 


(/M ercury]) 
ib = O.Skg/s 
~Tmj = ~500K 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible kinetic energy, 
potential energy and flow work effects, (4) Fully developed flow. 

PROPERTIES: Table A-5, Mercury [T m = 350k)1: Cp = 137.7 J/kg-K, p = 0.1309 x 10 ~ N-s/nT, 
k = 9.18 W/mK, Pr = 0.0196. 


ANALYSIS: The Reynolds and Peclet numbers are 
4m 4x0.5 kg/s 

Kej) —-—-—-— 

n Df 1 7t (0.05m)0.1309xl0 _2 N -s/m 2 


= 9727 


Pe D =Re D Pr =9727(0.0196) =191. 

Hence, assuming fully developed turbulent flow throughout the tube, it follows from Eq. 8.66 that 


h k 
D 


.0 + 0.025 Pe^ 8 ): 
From Eq. 8.42a, it follows that 


k ( 5 

-1 J.UT V7.U4-J A 

o' U 


9.18 W/m K 
0.05 m 


( 5 - 


0+0.025x191' 


0.8 j : 


: 1224 W/m z ■ K. 


L = —- 


m c 


lin- 


ATn 


(0.5 kg/s) 137.7 J/kg-K 450-400 
v ’ £n -= 0.39 m. 


7t Dh ATi 7t (0.05 m)1224 W/m 2 ■ K 450-300 
If the Dittus-Boelter correlation, Eq. 8.60, is used in place of Eq. 8.66, 


h = —0.023 Re 475 Pr 0 ’ 4 = 9 - 18W/m K 0.023(9727) 4/5 (0.0196) 0 - 4 = 1358 W/m 2 ■ K 
D D 0.05 m 


and the required tube length is 
L = 


Zia- 


o _ 


(0.5 kg/s) 137.7 J/kg-K „ 450-400 

-rn -—:—— = 0.35 m. 


71 Dh A^ ;t (0.05 m) 1358 W/m 2 -K 450-300 


COMMENTS: Such good agreement between results does not occur in general. For example, if 
4 — 

ReD = 2 x 10 , h = 1463 from Eq. 8.66 and 2417 from Eq. 8.60. Large errors are usually associated 
with using conventional (moderate to large Pr) correlations with liquid metals. 



PROBLEM 8.43 


KNOWN: Surface temperature and diameter of a tube. Velocity and temperature of air in cross 
flow. Velocity and temperature of air in fully developed internal flow. 

FIND: Convection heat flux associated with the external and internal flows. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform cylinder surface temperature, (3) Fully 
developed internal flow. 

PROPERTIES: Table A-4, Air (298K): v = 15.71 x 10~ 6 m/s, k = 0.0261 W/mK, Pr = 0.71. 
ANALYSIS: For the external and internal flows, 

Re D = VD = ^mD = 30m/sxft05m =955xlQ 4 
v V 15.71x10" m 2 /s 

From the Zhukauskas relation for the external flow, with C = 0.26 and m = 0.6, 

N^D =CRe™ Pr 11 (Pr/Pr s ) 1/4 = 0.26(9.55xl0 4 )°‘ 6 (0.71) 0 - 37 (1) 1/4 = 223. 

Hence, the convection coefficient and heat flux are 

r k— 0.0261 W/m K „„„ 2 „ 

h = — Nud =-x223= 116.4 W/m z K 

D 0.05 m 

q" = h(T s -Too) =116.4W/m 2 K(100-25)°C =8.73xl0 3 W/m 2 . < 

Using the Dittus-Boelter correlation, Eq. 8.60, for the internal flow, which is turbulent, 

N^D =0.023 Re 475 Pr 0 ' 4 = 0.023 (9.55xl0 4 f /5 (0.71) 0 ' 4 = 193 

r k— 0.0261 W/m K 2 

h = — Nud =-xl93 = 101 W/m z K 

D 0.05 m 

and the heat flux is 

q* = h(T s - T m ) = 101 W/m 2 K(100-25)° C =7.58xl0 3 W/m 2 . < 


COMMENTS: Convection effects associated with the two flow conditions are comparable. 



PROBLEM 8.44 


KNOWN: Diameter, length and surface temperature of condenser tubes. Water velocity and inlet 
temperature. 

FIND: (a) Water outlet temperature evaluating properties at T m = 300 K, (b) Repeat calculations using 
properties evaluated at the appropriate temperature, T m = (T nu + T mo )/2, and (c) Coolant mean 
velocities for the range 4 < L < 7 m which provide the same T itm , as found in paid (b). 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible tube wall conduction resistance, (2) Negligible kinetic energy, 
potential energy and flow work changes. 

PROPERTIES: Table A.6, Water (T m = 300 K): p = 997 kg/m 3 , c p = 4179 J/kg-K, p = 855 x 10 6 
kg/s-m, k = 0.613 W/m-K, Pr = 5.83. 

ANALYSIS: (a) From Equation 8.42b 

Tm.o = T s — (T s — T m j )exp|^—^DL/mCp jhj . 

and evaluating properties at T m = 300 K, find 

pu m D 997kg/ m 3 (lm/s)0.0254m 
Re D = — m =--- V ; ’ -= 29,618 

f 1 855 xl0~ 6 kg/s-m 

The flow is turbulent, and since L/D = 197, it is reasonable to assume fully developed flow throughout 
the tube. Hence, h « h fd . From the Dittus-Boelter equation, 

Nu D = 0.023Re 4/5 Pr 0 - 4 =0.023(29,618) 475 (5.83)°' 4 =176 
h = Nu d (k/D) = 176(0.613W/m ■ K/0.0254m) = 4248 w/ m 2 ■ K . 

With 

m = pu m ^D 2 /4) = (;r/4)997kg/m 3 (lm/s)(0.0254m) 2 = 0.505kg/s . 

Equation 8.42b yields 

71 (0.0254m)5m(4248w/m 2 ■ K 
0.505kg/s(4179 J/kg - K) 

(b) Using the IHT Correlations Tool, Internal Flow, for fully developed Turbulent Flow, along with the 
energy balance and rate equations above, the calculation of part (a) is repeated with T m = (T nu + T m o )/2 
giving these results: 

T m = 307.3 K T mj0 = 51.7°C = 324.7 K < 

(c) Using the IHT model developed for the part (b) analysis, the coolant mean velocity, u m , as a function 
of tube length L with T m o = 51.7°C is calculated and the results plotted below. 


T m,o =350K — (60 K) 


- = 323 K = 50° C < 


Continued... 



PROBLEM 8.44 (Cont.) 



E 


>s 

o 

o 

o 

> 



Tube length, L (m) 


COMMENTS: (1) Using T m = 300 K vs. T m = (T mj + T m , 0 )/2 = 307 K for this application resulted in 
a difference of T mj0 = 50°C vs.T m o = 51.7°C. While the difference is only 1.7°C, it is good practice to 
use the proper value for T m . 

(2) Note that u m must be increased markedly with increasing length in order that T m o remain fixed. 




PROBLEM 8.45 


KNOWN: Gas turbine vane approximated as a tube of prescribed diameter and length maintained at a 
known surface temperature. Air inlet temperature and flowrate. 

FIND: (a) Outlet temperature of the air coolant for the prescribed conditions and (b) Compute and plot 
the air outlet temperature T IIM , as a function of flow rate, 0.1 < m < 0.6 kg/h. Compare this result with 
those for vanes having passage diameters of 2 and 4 mm. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic and potential energy changes. 


PROPERTIES: Table A.4 , Air (assume T m = 780 K, 1 atm): c p = 1094 J/kg-K, k = 0.0563 W/m-K, p 
= 363.7 x 10 7 N-s/m 2 , Pr = 0.706; (T s = 650°C = 923 K, 1 atm): p = 404.2 x 10 7 N-s/m 2 . 


ANALYSIS: (a) For constant wall temperature heating, from Eq. 8.43, 


T -T 

x s 1 m,o 

T -T ■ 
x s 1 m,i 


= exp 


' PLh 3 


me. 


where P = 7tD. For flow in circular passage, 

4m 4x0.18kg/h(l/3600s/h) 


Re D = 


K (0.003m)363.7x 10~ 7 N-s/m 


= 584. 


( 1 ) 


( 2 ) 


The flow is laminar, and since L/D = 75 mm/3 mm = 25, the Sieder-Tate correlation including combined 
entry length yields 


Nud = — = 1.86 
k 


Rep) Pr 
L/D 


A l/3^ A 0.14 


J 


Us 


(3) 


r 0,0563W/m-K. ( 584x0.706 

h =--1.86 


^ 1/3 f 363.7xl0~ 7 3 °' 14 


0.003 m 

Hence, the air outlet temperature is 


25 


J 


404.2x10" 


: 87.5 W/m z ■ K 


650-T, 


m,o 


(650-427)° C 


= exp 


n (0.003m)x0.075mx87.5 W/m 2 ■ K 
(0.18/3600)kg/sxl094 J/kg ■ K 


T m<0 =578°C 


(b) Using the IHT Correlations Tool, Internal Flow, for Laminar Flow with combined entry length, along 
with the energy balance and rate equations above, the outlet temperature T mo was calculated as a function 
of flow rate for diameters of D = 2, 3 and 4 mm. The plot below shows that T mo decreases nearly 
linearly with increasing flow rate, but is independent of passage diameter. 


Continued... 




PROBLEM 8.45 (Cont.) 



COMMENTS: (1) Based upon the calculation for T mo = 578°C, T m = 775 K which is in good 
agreement with our assumption to evaluate the thermophysical properties. 

(2) Why is T mo independent of D? From Eq. (3), note that h is inversely proportional to D, h ~ D '. 
From Eq. (1), note that on the right-hand side the product P- h will be independent of D. Hence, T nu) will 
depend only on hi. This is, of course, a consequence of the laminar flow condition and will not be the 
same for turbulent flow. 




PROBLEM 8.46 


KNOWN: Gas-cooled nuclear reactor tube of 20 mm diameter and 780 mm length with helium heated 
from 600 K to 1000 K at 8 x 10 kg/s. 


FIND: (a) Uniform tube wall temperature required to heat the helium, (b) Outlet temperature and 
required flow rate to achieve same removal rate and wall temperature if the coolant gas is air. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic energy and potential energy 
changes, (3) Fully developed conditions. 

PROPERTIES: Table A-4 , Helium (f m = 800K, 1 atm): p = 0.06272 kg/m 3 , c p = 5193 J/kg-K, k 

= 0.304 W/m-K, p = 382 x 10' ? N-s/m 2 , v = 6.09 x 10" 4 m 2 /s, Pr = 0.654; Air (f m = 800K, 1 atm): 

3 3 6 2 

p = 0.4354 kg/m , c p = 1099 J/kg-K, k = 57.3 x 10‘ W/m-K, v = 84.93 x 10" m /s, Pr = 0.709. 

ANALYSIS: (a) For helium and a constant wall temperature, from Eq. 8.46, 


T -T 

x s x m,o 

T -T 

A S %,! 


: exp 


PLh 


m c r 


J 


where P = 7tD. For the circular tube, 

4m 


Re D 


4x8x10 3 kg/s 


1.333x10 


^ Dp ;t x0.020 mx382xl0" 7 N- s/m 2 
and using the Colburn correlation for turbulent, fully developed flow, 

Nu = 0.023 Re 475 Pr 1/3 = 0.023(l.333xl0 4 ) 4/5 (0.654) 173 =39.83 

h = Nu -k/D = 39.83 xO.304 W/m ■ K/0.02 m = 605 W/m 2 ■ K. 

Hence, the surface temperature is 

.2 


T s -1000 K 
T s -600 K 


: exp 


71 (0.020 m)x 0.780 mx605 W/m z ■ K 
8xlO" 3 kg/sx5193 J/kg -K 


= 0.4898 


T s =1384 K. 

The heat rate with helium coolant is 


q = mc p (T m 0 -T m j) =8x10 3 kg/sx5193 J/kg-K(l000-600)K= 16.62 kW. 


Continued 




PROBLEM 8.46 (Cont.) 


(b) For the same heat removal rate (q) and wall temperature (T s ) with air supplied at T m q, the relevant 
relations are 


q -16,620 W - m a Cp(T m o T m p) 
PLh n 


T -T 

x s 1 m,o 

T -T 
x s A m,i 

4m, 


: exp 


Re = ■ 


n Dp 


m a c p 


— =0.023 Re^ /5 Pr 173 
v u 


(1) 

( 2 ) 

(3,4) 


where T m o and m are unknown. An iterative solution is required: assume a value of T m o and find 
m from Eq. (1); use m in Eqs. (3) and (4) to findh and then Eq. (2) to evaluate T m o ; compare 
results and iterate. Using thermophysical properties of air evaluated at T m = 800K, the above 
relations, written in the order they would be used in the iteration, become 


15.123 
Tm,o ~ 600 


(5) 


h a = 5.725 xl0 3 m a /5 


( 6 ) 


T m,o = 1384-784 exp -4.459x10' 5 (h a /m a ) 


Results of the iterative solution are 


(7) 


Trial 

T m ,o(K) 

m (kg/s) 

h a | W/m 2 • Kj 

T m ,o(K) 


(Assumed) 

Eq. (5) 

Eq. (6) 

Eq. (7) 

1 

1000 

3.025 x 10' 2 

348.6 

915.0 

2 

950 

4.321 x 10' 2 

463.7 

898. 

3 

900 

5.041 x 10' 2 

524.6 

891.0 

4 

890 

5.215 x 10' 2 

539.0 

889.5 


Hence, we find 

m a =5.22 xlO -2 kg/s T m 0 =890 K. < 


COMMENTS: To achieve the same cooling rate with air, the required mass rate is 6.5 times that 
obtained with helium. 



PROBLEM 8.47 

KNOWN: Air at prescribed inlet temperature and mean velocity heated by condensing steam on its 
outer surface. 

FIND: (a) Air outlet temperature, pressure drop and heat transfer rate and (b) Effect on parameters 
of part (a) if pressure were doubled. 

SCHEMATIC: 


u m =6m/s 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic and potential energy changes, 
(3) Thermal resistance of tube wall and condensate film are negligible. 

PROPERTIES: Table A-4, Air (assume T m = 450K, 1 atm = 101.3 kPa): p = 0.7740 kg/m 3 , 
c p = 1021 J/kg-K, p = 250.7 x 10' ? N s/m 2 , k = 0.0373 W/mK, Pr = pc p /k = 0.686. Note that 
only p is pressure dependent; i.e., p a P; Table A-6, Saturated water (20 bar): T sat = T s = 485K. 

ANALYSIS: (a) For constant wall temperature heating, from Eq. 8.46 but with U ~ hj since 
h D » hj, where h 0 is the convection coefficient for the condensing steam, 


CAir> 

p=200kPa 




Using the Dittus-Boelter correlation for fully-developed turbulent flow, 

Nu d = 0.023Re 4/5 Pr 0 ' 4 = 0.023(9.143xl0 3 ) 4/5 (0.682) 0 ' 4 = 29.12 

hj = Nu k/D =29.12x0.0373 W/m-K/0.025 m =43.4W/m 2 -K. 
Hence, the outlet temperature is 

212-T mo I" 7t (0.025 m)x2mx43.4W/m 2 K 

- 1 — =ex P -~- 

(212-150)°C [ 4.501xl0' J kg/s X1021 J/kg -K 

T m , 0 = 198°C. 


< 


Continued 




PROBLEM 8.47 (Cont.) 


The pressure drop follows from Eqs. 8.20 and 8.22, 


f =0.316Re“ 1/4 


0.316(9.143xl0 3 



= 0.0323 


Ap=f 


2D 


0.7740 kg/m 3 (200/101.3) (6 m/s 2 x 2 m 7 

Ap = 0.0323---------= 71.1 N/m . 

F 2x0.025 m 


< 


The heat transfer rate is 

q = m c p (T mo - Vi) = 4.501xl0 -3 kg/sxl021 J/kg K(198 -150)K =221 W. < 
(b) If the pressure were doubled, we can see from the above relations, that map, hence 
m = 2m 0 
Re D =2Re D Q , 


since 

h i ~(Re) 4/ -‘U(h i /h ii0 ) = 2 4/5 , 


hj = 1.741ij 0 . 


It follows that V o = 195°C, so that the effect on temperature is slight. However, the pressure 
drop increases by the factor 2(2) 1/4 = 1.68 and the heat rate by 2(195 - 150)/(198 - 150) = 1.88. 
In summary: 


Parameter 

p = 200 kPa 

Part (a) 

p = 400 kPa 

Part (b) 

Increase, % 

3 

m, kg/s x 10 

4.501 

9.002 

100 

hi, W/nC K 

43.4 

86.8 

100 

T T -<>r 

imo " imj w 

2 

48 

45 

-6 

Ap, N/m 

71.1 

119 

68 

q,W 

221 

415 

88 


COMMENTS: (1) Note that T m = (198 + 150)°C/2 = 447 K agrees well with the assumed 
value (450 K) used to evaluate the thermophysical properties. 



PROBLEM 8.48 


KNOWN: Diameter, length and surface temperature of tubes used to heat ambient air. Flowrate and 
inlet temperature of air. 

FIND: (a) Air outlet temperature and heat rate per tube, (b) Effect of flowrate on outlet temperature. 
Design and operating conditions suitable for providing 1 kg/s of air at 75°C. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Negligible kinetic/potential energy and flow work changes, (3) 
Negligible tube wall thermal resistance. 

PROPERTIES: Table A.4, air (assume T m = 330 K): c p = 1008 J/kg-K, p = 198.8 x 10' 7 N s/m 2 , k = 
0.0285 W/m-K, Pr = 0.703. 

ANALYSIS: (a) For m = 0.01 kg/s, Re D = Am/jtDji = 0.04 kg/s/7t(0.05 m)198.8 x 10 7 N-s/m 2 - 
12,810. Hence, the flow is turbulent. If fully developed flow is assumed throughout the tube, the Dittus- 
Boelter correlation may be used to obtain the average Nusselt number. 

Nu D ~ Nu D = 0.023Re 475 Pr 0 ' 4 =0.023(12,810)°' 8 (0.703 )°' 4 =38.6 
Hence, h = Nu D (k/ D ) = 38.6(0.0285 W/m - K/0.05m) = 22.0 w/m 2 ■ K 
From Eq. 8.42b, 

Ts - T mo ( nDlAi \ f 7rx0.05mx5mx22w/m 2 ■ K ) 

-= exp-=exp--- =0.180 

T s -T mi ( mc p J ^ 0.01kg/sxl008J/kg■ K 

T m,o = T s - 180 ( T s - T m,i) = 100 ° C - 180 ( 80 ° C ) = 85 - 6 ° C < 

Hence, q = mc p (T m 0 -T m i ) = O.Olkg/s(1008J/kg■ K)65.6K = 661W < 

(b) The effect of flowrate on the outlet temperature was determined by using the IHT Correlations and 
Properties Toolpads. 


o 

E 

I- 

£ 

3 

a3 

Q, 


0 0.01 0.02 0.03 0.04 0.05 



Mass flowrate, mdot(kg/s) 


Continued... 




PROBLEM 8.48 (Cont.) 


Although h and hence the heat rate increase with increasing m, the increase in q is not linearly 
proportional to the increase in hi and T m-0 decreases with increasing hi. 

A flowrate of m = 0.05 kg/s is not large enough to provide the desired outlet temperature of 
75°C, and to achieve this value, a flowrate of 0.0678 kg/s would be needed. At such a flowrate, 
N = 1 kg/s/0.0678 kg/s = 14.75 ~ 15 tubes would be needed to satisfy the process air 
requirement. Alternatively, a lower flowrate could be supplied to a larger number of tubes and 
the discharge mixed with ambient air to satisfy the desired conditions. Requirements of this 
option are that 

Nm + m amb = 1kg/s 

(Nm + m amb )c p (T m 0 - T m?i ) = 1 kg/sx 1008 J/kg • K (75 - 20)K = 55, 400 W 

where m is the flowrate per tube. Using a larger number of tubes with a smaller flowrate per 
tube would reduce flow pressure losses and hence provide for reduced operating costs. 

COMMENTS: With L/D = 5 m/0.05 m = 100, the assumption of fully developed conditions 
throughout the tube is reasonable. 



PROBLEM 8.49 


KNOWN: Length and diameter of tube submerged in paraffin of prescribed dimensions. Inlet 
temperature and flow rate of water flowing through tube. 

FIND: (a) Outlet temperature, heat rate, and time required for complete melting, and (b) Effect of 
flowrate on operating conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible KE/PE and flowwork changes for water, (2) Constant water 
properties, (3) Negligible tube wall conduction resistance, (4) Negligible convection resistance in melt 
(T s = = T mp ), (5) Fully developed flow, (6) No heat loss to the surroundings. 

PROPERTIES: Water (given): c p = 4.185 kJ/kg-K, k = 0.653 W/m-K, p = 467 x 10 6 kg/sm, Pr = 2.99; 
Paraffin (given): T mp = 27.4°C, h sf = 244 kJ/kg, p = 770 kg/m 3 . 


ANALYSIS: (a) From Eq. 8.42b, 

4x0.1kg/s 

ttx 0.025 mx 467 xl0“ 6 kg/s m 
conditions, 


T -T 

1 oo 1 m,o 

T -T ■ 

x oo 


;rDLh 


exp- r 


. With Re D = 


= 10,906, the flow is turbulent. Assuming fully developed 


Nui-)k k 4/5 0 3 0.653 W/m-K . ,4/5, .03 / ? 

h =-— = —0.023 Re?, Pr =---0.023(10,906) (2.99) = 1418W/m -K 

D D 0.025 m 


o , \o ( 7 rx 0 . 025 mx 3 m / 7 I „ ^ 

T mo =27.4 C-(27.4-60) Cexp---1418W/m -K =42.17 C < 

^ 0.1kg/sx4185J/kg-K 

From the overall energy balance, 


q = mc p (T m j - T m 0 ) = 0. lkg/s x 4185 J/kg ■ K (60 - 42.17)° C = 7500 W < 

Applying an energy balance to a control volume about the paraffin, E in = AE st , the time t m required to melt 
the paraffin is 

qt m = pVh sf = P L(wH-pD 2 /4)lisf 

770 kg/m 3 x3m|o.25x0.25m “-n (0.025 m) 2 /4j 

t m =---— 2.44X10 5 j/kg = 4660s = 1.29h < 

7500 W 


Continued... 




PROBLEM 8.49 (Cont.) 


(b) The effect of m on q and T m o was determined by accessing the Correlations Toolpad of IHT, and the 
results are plotted as follows. 



Mass flowrate, mdot(kg/s) 



Although q increases with increasing m due to the attendant increase in Re D , and therefore h, the 
increase is not linearly proportional to the change in m. Hence, from the overall energy balance, q = 
mc p (T m ,i - T nM ,j, there is a reduction in (T nu - T mo ), which corresponds to an increase in T m o . With the 
increase in q, there is a reduction in t m , and for m = 0.5 kg/s, 

t m = 1167 s = 0.324 h < 

COMMENTS: Heat transfer from the water to the paraffin is also affected by free convection in the 
melt region around the tube. The effect is to decrease U, increase T s , and decrease q with increasing 
time. The actual time to achieve complete melting would exceed values computed in the foregoing 
analysis. 




PROBLEM 8.50 


KNOWN: Configuration of microchannel heat sink. 

FIND: (a) Expressions for longitudinal distributions of fluid mean and surface temperatures, (b) Coolant 
and channel surface temperature distributions for prescribed conditions, (c) Effect of heat sink design and 
operating conditions on the chip heat flux for a prescribed maximum allowable surface temperature. 



ASSUMPTIONS: (1) Steady-state, (2) Negligible PE, KE and flow work changes, (3) All of the chip 
power dissipation is transferred to the coolant, with a uniform surface heat flux, q§, (4) Laminar, fully 
developed flow, (5) Constant properties. 

PROPERTIES: Table A.6, Water (assume T m = T m j = 290 K): c p = 4184 J/kg-K, p = 1080 x 10' 6 
N s/m 2 , k = 0.598 W/m-K, Pr = 7.56. 


ANALYSIS: (a) The number of channels passing through the heat sink is N = L/S = L/QD, and 
conservation of energy dictates that 

q c L 2 =N(7tDL)q s =xL 2 q s /C l 
which yields 


9 s 


^lOc 


7T 


With the mass flowrate per channel designated as rrq = rir/N , Eqs. 8.41 and 8.28 yield 

T m (x) = T m)i +MR x = T m)i +^x 

nqCp mc r 


T s (x) = T m (x) + ^ = T m (x) + 

h k h 

where, for laminar, fully developed flow with uniform q£, Eq. 8.53 yields h = 4.36 k/D. 


P 

Qqc 


(i) 

( 2 ) < 
(3) < 


(b) With L = 12 mm, D = 1 mm, Ci = 2 and rir = 0.01 kg/s, it follows that S = 2 mm, N = 6 and Re D = 

driq/nDp = 4(0.01kg/s) / /6^ (0.001m)l.08xl0 ^N-s/irC = 1965. Hence, the flow is laminar, as 

assumed, and h = 4.36(0.598 W/m-K/0.001 m) = 2607 W/nr-K. From Eqs. (2) and (3) the outlet mean 
and surface temperatures are 


(0.012 m)“ 20xl0 4 W/ m“ 

T m n = 290 K + -----= 290.7 K = 17.7 C 

0.01 kg/s (4184 J/kg-K) 


2 20xl0 4 W/m 2 

T s ,o — ^m,o “ l x 


71 2607 W/m 2 • K 


= 339.5 K = 66.5 C 


Continued... 



PROBLEM 8.50 (Cont.) 

The axial temperature distributions are as follows 


0) 

CO 


Q- 

E 

0 



Axial location, x(mm) 

—©— Surface temperature, Ts 
—A— Mean temperaure, Tm 


The flowrate is sufficiently large (and the convection coefficient sufficiently low) to render the increase 
in T m and T s with increasing x extremely small. 

(c) The desired constraint of T s max < 50°C is not met by the foregoing conditions. An obvious and logical 
approach to achieving improved performance would involve increasing lit] such that turbulent flow is 
maintained in each channel. A value of til ] > 0.002 kg/s would provide Re D > 2300 for D = 0.001. 

Using Eq. 8.60 with n = 0.4 to evaluate Nu D and accessing the Correlations Toolpad of IHT to explore 
the effect of variations in rii, for different combinations of D and Ci, the following results were obtained. 



Mass flowrate, mdotl (kg/s) 


D = 0.6 mm, Cl =2.0, N = 10 
D = 1.0 mm, Cl = 1.5, N = 8 
D = 1.0 mm, Cl =2.0, N = 6 


We first note that a significant increase in c\ c may be obtained by operating the channels in turbulent 

flow. In addition, there is an obvious advantage to reducing Ci, thereby increasing the number of 
channels for a fixed channel diameter. The biggest enhancement is associated with reducing the channel 
diameter, which significantly increases the convection coefficient, as well as the number of channels for 
fixed Ci. For rh, = 0.005 kg/s, h increases from 32,400 to 81,600 W/nr-K with decreasing D from 1.0 to 
0.6 mm. However, for fixed rfq, the mean velocity in a channel increases with decreasing D and care 
must be taken to maintain the flow pressure drop within acceptable limits. 

COMMENTS: Although the distribution computed for T m (x) in part (b) is correct, the distribution for 
T s (x) represents an upper limit to actual conditions due to the assumption of fully developed flow 
throughout the channel. 





PROBLEM 8.51 


KNOWN: Cold plate geometry and temperature. Inlet temperature and flow rate of water. Number 
of circuit boards and temperature and velocity of air in parallel flow over boards. 

FIND: (a) Heat dissipation by cold plates, (b) Heat dissipation by air flow. 

SCHEMATIC: 



H = 0.75 m 


D = 0.01 m —>| |<— 


nh-i = 0.2 kg/s, T m j = 7°C 


Ts.cp - 32°C 
Coolant 

passage, N = 10 


W = 0.35 m —*-v 



ASSUMPTIONS: (1) Isothermal cold plate, (2) All heated generated by circuit boards is dissipated 
by cold plates (Part (a)), (3) Circuit boards may be represented as isothermal at an average surface 
temperature, (4) Air flow over circuit boards approximates that over a flat plate in parallel flow, (5) 
Steady operation, (6) Constant properties. 

PROPERTIES: Table A-6 , Water (T m = 290K): c p = 4184 J/kg-K, p = 1080xl(T 6 N • s /m 2 , 

k=0.598 W/m-K, Pr = 7.56. Table A-4, Air (p = 1 atm, T f = 300K): v = 15.89xl0“ 6 m 2 /s, k = 0.0263 
W/m-K, Pr = 0.707. 


ANALYSIS: (a) With Re D = 4m! /xD^i = 4x0.2kg/s/7rx0.01mxl080xl0 6 N • s/m 2 = 23,600, the 
flow is turbulent, and from Eq. (8.60), 


K K 4/5 04 

h = — Nu d =0.023 —Ref, Pr = ■ 
D D 


0.023x0.598 W/m-K 


(23,600) 4/5 (7.56) u ' 4 =9,730W/m z -K 

0.01m 

With H/D = 0.75/0.01 = 75, it is reasonable to assume fully developed flow throughout the tube. 
Hence, from Eqs. (8.42b) and (8.37) 


0.4 


T -T 
A s,cp A m,o 

T -T 
A s,cp A m,i 


f 


= exp 


ttDH 

m l c n 


A 


J 


= exp 


f 7rx0.01mx0.75mx9730W/m 2 -K ^ 


V 


0.2 kg / s x 4184 J / kg • K 


= 0.760 


T = T 
1 m,o s,cp 


- 0.76 (T scp - T mi ) = 13°C 

q! = rhiCp (T m 0 -T m i ) = 0.2kg/sx4184J/kg ■ Kx6°C = 5021W 

With a total of 2N = 20 passages, the total heat dissipation is 


q = 2Nq! =20x5021 W = 100 kW 


< 


(b) For the air flow, Re D =u co L/v = 10m/sx0.60m/15.89x10 6 m s = 378,000, and the flow is 
laminar. From Eq. (7.31), 


- k — 


1/2 „ 1/3 


0.664x0.0263 W/m-K 


(378,000) 1/2 (0.707) I/J =15.9W/ 


h = —Nu. =0.664 — Re Pr = 

L L L 0.60m 

Heat dissipation to the air from both sides of 10 circuit boards is then 

.2 


,1/3 


m 


q = 2N cb h(WL)(T s cb -T^) = 20x15.9 W/m^ ■ Kx 0.21m 2 x40°C = 2,670W 


K 

< 


COMMENTS: The cooling capacity of the cold plates far exceeds that of the air flow. However, the 
challenge would be one of efficiently transferring such a large amount of energy to the cold plates 
without incurring excessive temperatures on the circuit boards. 






PROBLEM 8.52 


KNOWN: Flow rate and temperature of Freon passing through a Teflon tube of prescribed inner and 
outer diameter. Velocity and temperature of air in cross flow over tube. 


FIND: Heat transfer per unit tube length. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial conduction, (3) Constant 
properties, (4) Fully developed flow. 

PROPERTIES: Table A-4, Air (T = 300K, 1 atm): v = 15.89 x 10" 6 m 2 /s, k = 0.0263 W/m-K, Pr = 
0.707; Table A-5, Freon (T = 240K): p = 3.85 x 10" 4 N s/m 2 , k = 0.069 W/mK, Pr = 5.0; Table A-3, 
Teflon (T » 300K): k = 0.35 W/mK. 

ANALYSIS: Considering the thermal circuit shown above, the heat rate is 


q =—_-—-m- 

(l/h 0 7C D 0 ) + [^n(D 0 /D i )/27tk] + (l/h i 7t Dj) 

_ 4 m _ 0.4 kg/s 

Re Q j —-—---— — 

’ n D i(^ Ti (0.025m) 3.85 xlO' 4 N s/m 2 


13,228 


and the flow is turbulent. Hence, from the Dittus-Boelter correlation 


k- 4/5 0.4 0.069 W/m ^ A AAO ti a AAO \4/5 / c \0.4 _ 0/1 A 1177*^2 


h; = —0.023 ReTft p r 
Di D 4 


With Re D 0 = 


0.025 m 

VD 0 (25 m/s)0.028 m 


-0.023(13,228 y ,D (5) u * = 240 W/m z ■ K. 


jo __ 

v 15.89xl0" 6 m 2 /s 


= 4.405 xl0 H 


it follows from Eq. 7.56 and Table 7.4 that 


k 


h„ = — 0.26 Ren o Pr 

D 

Hence 


0 6 0 37 0.0263 W/m-K / 4 

yj.yj j / rv I a /) ACv, i 


0.028 m 


0.26 4.405x10 


)°’ 6 (0.707) 0 37 = 131 W/m 2 


K. 


q =- 


Too — T n 


|l31 W/m 2 • K7t0.028 mj 1 + 1 n(28/25)/2 ji (0.350 W/m- K)+ ^240 W/m 2 -K7t0.025 mj 

(300-240) K 


-1 


q = 


(0.087+0.052+0.053) K-m/W 


= 312 W/m. 


COMMENTS: The three thermal resistances are comparable. Note that T s o = T^ - q7h 0 7tD 0 = 
300K - 312 W/m/131 W/m 2 -K 7t 0.028 m = 273 K. 



PROBLEM 8.53 


KNOWN: Oil flowing slowly through a long, thin-walled pipe suspended in a room. 
FIND: Heat loss per unit length of the pipe, q' conv . 

SCHEMATIC: 


h 0 --UWlrn< 

Teaser c 


Ro 


om air 




com 




5 '-Tn-lSO'C 


Pipe t D-30mm-^ ' m 


9c 


com 



l/hitiD lfctfD 


ASSUMPTIONS: (1) Steady-state conditions, (2) Tube wall thermal resistance negligible, (3) 
Fully developed flow, (4) Radiation exchange between pipe and room negligible. 

PROPERTIES: Table A-5, Unused engine oil (T m = 150°C = 423K): k = 0.133 W/m-K. 

ANALYSIS: The rate equation, for a unit length of the pipe, can be written as 

_(Tm - Too) 
qconv - „ / 

K t 

where the thermal resistance is comprised of two elements, 

, 1 1 1 f 1 1 ^ 

RI —-1-—--1-. 

hpt D h 0 7t D 7t D ^ hj h G 

The convection coefficient for internal flow, hj, must be estimated from an appropriate correlation. 
From practical considerations, we recognize that the oil flow rate cannot be large enough to achieve 
turbulent flow conditions. Hence, the flow is laminar, and if the pipe is very long, the flow will be 
fully developed. The appropriate correlation is 

Nu d = —iP. = 3.66 
k 

hi = Nu d k/D = 3.66x0.133-^/0.030 m =16.2 W/m 2 ■ K. 

m- K 

The heat rate per unit length of the pipe is 


qconv _ 


(150-20)° C 


Tl (0.030m) 


1 


n 

16.2 11, 


—= -= 80.3 W/m. 

m_K 

W 


< 


COMMENTS: This problem requires making a judgment that the oil flow will be laminar rather 
than turbulent. Why is this a reasonable assumption? Recognize that the correlation applies to a 
constant surface temperature condition. 



PROBLEM 8.54 


KNOWN: Thin-walled, tall stack discharging exhaust gases from an oven into the environment. 

FIND: (a) Outlet gas and stack surface temperatures, T m o and T s>0 , and (b) Effect of wind temperature 
and velocity on T m>0 . 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Wall thermal resistance negligible, (3) Exhaust gas 
properties approximated as those of atmospheric air, (4) Radiative exchange with surroundings 
negligible, (5) PE, KE, and flow work changes negligible, (6) Fully developed flow, (7) Constant 
properties. 


PROPERTIES: Table A.4 , air (assume T m , 0 = 773 K, T m = 823 K, 1 atm): c p = 1104 J/kg-K, p = 376.4 
x 10 7 N-s/m 2 , k = 0.0584 W/m-K, Pr = 0.712; Table A.4, air (assume T s = 523 K, T, = 4°C = 277 K, T f 
= 400 K, 1 atm): v = 26.41 x 10' 6 m 2 /s, k = 0.0338 W/m-K, Pr = 0.690. 

ANALYSIS: (a) From Eq. 8.46a, 

Tm,o = Too ~ (Too — T m j) exp 

where h and h D are average coefficients for internal and external flow, respectively. 


—U 


mc r 


U = l/ 


1 1 

- 1 - 

^ h 0 


( 1 , 2 ) 


Internal flow. With a Reynolds number of 

4m 4x0.5kg/s 

Re Di - 


Trx0.5mx376.4xl0 2 N-s/m 2 


: 33,827 


(3) 


and the flow is turbulent. Considering the flow to be fully developed throughout the stack (L/D =12) 
and with T s < T m , the Dittus-Boelter correlation has the form 

Nu d = ^ = 0.023 Re 475 Pr 03 (4) 

k u i 

hi = 58 ' 4Xl ° — W/m ' K x0.023(33,827) 4/5 (0.712) 03 = 10.2 w/m 2 ■ K . 

0.5 m 


External flow: Working with the Churchill/Bernstein correlation, the Reynolds and Nusselt numbers are 


Re D n = 


VD 


V 


5m/sx0.5m 
26.41X10 -6 m 2 /s 


= 94,660 


(5) 


Continued... 

































PROBLEM 8.54 (Cont.) 


Nud =0.3 + - 


0.62 Re* 7 2 Pr 17 3 


D 


l + (0.4/Pr) 


2/3 


1/4 


1 + 


' Re D ^ 5/8 
282,000 


n 4/5 


= 205 


Hence, 


h Q = (0.0338 W/m- K/0.5m)x205 = 13.9w/m 2 ■ K 
The outlet gas temperature is then 
T m o = 4 ° c -( 4 -600)° Cexp 


(6) 


ix0.5mx6m 


0.5kg/sxll04J/kgK 


1 




v 


1/10.2 + 1/13.9 


- W/ m • K 




= 543 C 


The outlet stack surface temperature can be determined from a local surface energy balance of the form, 
hi(T m , 0 - T s , 0 ) = h o (T Si0 - Tj, which yields 

T _ h i T m , 0 +h 0 T oo _ (l0,2x543 + 13.9x4)w/m 2 < 

s ’° n. i u ^ __/ 2 


h i +h G 


(l0.2 + 13.9)W/m z K 


(b) Using the Correlations and Properties Toolpads of IHT, with a surface temperature of T s = 523 K 
assumed solely for the purpose of evaluating properties associated with airflow over the cylinder, the 
following results were generated. 



Tint = 35 C 
■a— Tint = 5 C 
■a— Tint = -25C 


Due to the elevated temperatures of the gas, the variation in ambient temperature has only a small effect 
on the gas exit temperature. However, the effect of the freestream velocity is more pronounced. 
Discharge temperatures of approximately 530 and 560°C would be representative of cold/windy and 
warm/still atmospheric conditions, respectively. 

COMMENTS: If there are constituents in the discharge gas flow that condense or precipitate out at 
temperatures below T s 0 , this operating condition should be avoided. 




PROBLEM 8.55 

KNOWN: Hot fluid passing through a thin-walled tube with coolant in cross flow over the tube. Fluid 
flow rate and inlet and outlet temperatures. 

FIND: Outlet temperature, T m>0 , if the flow rate is increased by a factor of 2 with all other conditions the 
same. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic and potential energy changes and 
axial conduction, (3) Constant properties, (4) Fully developed flow and thermal conditions, (5) 
Convection coefficients, h Q and hj, independent of temperature, and (6) Negligible wall thermal 
resistance. 

PROPERTIES: Hot fluid (Given): p = 1079 kg/m 3 , c p = 2637 J/kg-K, p = 0.0034 N s/m 2 , k = 0.261 
W/m-K. 


ANALYSIS: For conditions prescribed in the Schematic, Eq 8.46a can be used to evaluate the overall 
convection coefficient with P = 7tD, 


T -T 

A oo x m,o 

T -T ■ 

A oo rm,l 


f 


= exp 


-fEu 


m o c P 


(1) 


(25-78)° C 
(25-85)°C 


r 


= exp 


TrxO.OlOmxlm 


(18 / 3600) kg/s x 2637 J/kg ■ K 


U 


U = 52.1 W/ m z ■ K 

The overall coefficient can be expressed in terms of the inside and outside coefficients, 

U = (l/hj +l/h 0 ) _1 

Characterize the internal flow with the Reynolds number, Eq. 8.6, 


Re D 


4m r 


4x(l8/3600)kg/s 
7rx0.010mx0.0034N-s/nU 


187 


( 2 ) 


and since the flow is laminar, and assumed to be fully developed, hj will not change when the flow rate 

2 

is doubled. That is, U = 52.1 W/m“ K when m = 2mo. Using Eq. (1) again, but with T mo unknown, 


(25-T m , 0 )°C ( 

-= exp 

(25-85)° C 


TrxO.OlOmxlm __.„ T / ? 

—-------X52.1 W/ m 

2(18/3600)kg/sx2637 J/kg ■ K ' 


l m,o 


81.4°C 


< 


COMMENTS: Examine the assumptions and explain why they were necessary in order to affect the 
solution. 
















PROBLEM 8.56 

KNOWN: Thin walled tube of prescribed diameter and length. Water inlet temperature and flow rate. 

FIND: (a) Outlet temperature of the water when the tube surface is maintained at a uniform temperature 
T s = 27°C assuming T m = 300 K for evaluating water properties, (b) Outlet temperature of the water 
when the tube is heated by cross flow of air with V = 10 m/s and = 100°C assuming Tf = 350 K for 
evaluating air properties, and (c) Outlet temperature of the water for the conditions of part (b) using 
properly evaluated properties. 

SCHEMATIC: 



(a) (b) 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic and potential energy changes and 
axial conduction, (3) Fully developed flow and thermal conditions for internal flow, and (4) Negligible 
tube wall thermal resistance. 

PROPERTIES: Table A.6, Water (T m = 300 K): p = 997 kg/m 3 , c p = 4179 J/kg-K, p = 855 x 10 6 
N s/m 2 , k = 0.613 W/m-K, Pr = 5.83; Table A.4, Air (T f = 350 K, 1 atm): v = 20.92 x 10' 6 m 2 /s, k = 
0.030 W/m-K, Pr = 0.700. 


ANALYSIS: (a) For the constant wall temperature cooling process, T s = 27°C, the water outlet 
temperature can be determined from Eq. 8.42b, with P = TtD, 


T -T 

x s 1 m,o 

T -T ■ 
x s 1 m,i 


= exp 



(1) 


To estimate the convection coefficient, characterize the flow evaluating properties at T m = 300 K 

t? _ 4lil _ 4x0.2kg/s 

R e D fS / ? 29,783 

^ ;rx0.010mx855xl0 -b N s/m 2 


Hence, the flow is turbulent and assuming fully developed (L/D = 200), and using the Dittus-Boelter 
correlation, Eq. 8.60, find hj, 


Nu d = — = 0.023 Re^ 8 Pr 0 ' 3 
k 


hi = 0-613 W/m ' K 0.023(29,783) 0 8 (5.83) 03 =9080w/m 2 -K(2) 
0.010m 


Substituting this value for hj into Eq. (1), find 

(27-T mo J f ;rx0.010mx2m „„„ A „ r / 2 ^ 

2-- = exp-x9080W/m z ■ K T mo = 37.1°C < 

(27-47)°C l 0.2kg/sx4179J/kg-K J 

(b) For the air heating process, = 100°C, the water outlet temperature follows from Eq. 8.46a, 


T -T 
A °° x m,o 

T -T ■ 

x oo ^m,! 


ttDL - 

: exp-U 

mc p 


Continued... 








100-T n 


(100-47)° C 


7rx0.010mx2m 2 ^ 

-xl06W/m ■ K 

0.2kg/sx4179J/kg K 1 


: 47.4°C < 


(c) Using the IHT Correlation Tools for Internal Flow (Turbulent Flow ) and External Flow (over a 
Cylinder ) the analyses of part (b) were performed considering the appropriate temperatures to evaluate 
the thermophysical properties. For internal and external flow, respectively, 


Tm — (^m,i + ^m.o )/^ Tf — (T s + )/2 


(7,8) 


where the average tube wall temperature is evaluated from the thermal circuit, 


T - T T - T 


' m . . . . T s ^oo 

•—— •— / WV S —• 


The results of the analyses are summarized in the table along with the results from parts (a) and (b), 


Condition 

T 

A m 

(K) 

h i 

(W/m 2 -K) 

Tf 

(K) 

h o 

(W/m 2 -K) 

U 

(W/m 2 -K) 

T m , 0 

(°C) 

T s = 27°C 

300 

9080 

— 

— 

— 

37.1°C 

= 100 °C, T f = 350°C 

300 

9080 

350 

107 

106 

47.4°C 

Exact solution 

320 

11,420 

347 

107.3 

106.3 

47.4°C 


Note that since h 0 « h j, U is controlled by the value of h 0 which was evaluated near 350 K for both 
parts (b) and (c). Hence, it follows that T m , 0 is not very sensitive to hj which, as seen above, is sensitive 
to the value of T m . 




PROBLEM 8.57 


KNOWN: Diameter of tube through which water of prescribed flow rate and inlet and outlet 
temperatures flows. Temperature of fluid in cross flow over the tube. 

FIND: (a) Required tube length for air in cross flow at prescribed velocity, (b) Required tube length for 
water in cross flow at a prescribed velocity. 


SCHEMATIC: 


\ Water) 
V = 2 m/s 


T= 15 °C 


V = 20 m/s 


D = 0.05 m 


^ Water) 
T m ,i= 70 °C 


m = 0.215 kg/s 



T m,o = 30 °C 


ASSUMPTIONS: (1) Steady-state, (2) Constant properties, (3) Negligible tube wall conduction 
resistance, (4) Negligible KE, PE and flow work changes. 

PROPERTIES: Table A.6, water (T m = 50°C = 323 K): c p = 4181 J/kg-K, p = 548 x 10 6 N s/m 2 , k = 
0.643 W/m-K, Pr = 3.46. Table A.4, air (assume T f = 300 K): v = 15.89 x 10 6 m 2 /s, k = 0.0263 W/m-K, 
Pr = 0.707. Table A.6, water (assume T f = 300 K): v = 0.858 x 10' 6 m 2 /s, k = 0.613 W/m-K, Pr = 5.83. 

ANALYSIS: The required heat rate may be determined from the overall energy balance, 
q = mcp (T m j -T m o ) = 0.215kg/s(4181J/kg ■ K)40°C = 35,960W 
and the required tube length may be determined from the rate equation, Eq. 8.47a, 


where 


UttDAT^ 

( T m,i- T oo)-(T m 5 o-Too) 

AT> m = (t \ - 1 = 30.8 C 

in 111,1 -— 

Tm.o — T30 


1/U = 1/hi + l/h 0 . 


Re D . =4m/xD/i = 0.860kg/s/7z; (0.05m)548xl0 6 N-s/nU=9991 

the flow is turbulent and, assuming fully developed flow throughout the tube, the inside convection 
coefficient is determined from Eq. 8.60 

Nu d . = 0.023 Re ^ /5 Pr 03 =0.023(9991)°- 8 (3.46) 0 ' 3 =52.9 
Iq = Nu d . k/D = 52.9(0.643 W/m - K)/0.05 m = 680 w/ m 3 ■ K 


Continued... 



PROBLEM 8.57 (Cont.) 


(a) For water in cross flow at 20 m/s, R e D G = VD/v = 20 m/s(0.05 m)/15.89 x 10 6 m 2 /s = 62,933. From 
the Churchill/Bernstein correlation, it follows that 


0.62Re 1/2 Pr 1/3 

Nu d =0.3 +-^- — 

U o r „,„-|l/4 


1 + (0.4/Pr) 


2/3 


1 + 


Re Pc 

282,000 


\5/8 


n 4/5 


: 158.7 


h 0 = Nu Dq k/D = 158.7 (0.0263 W/mK)/0.05m = 83.5 W/m 2 K 


Hence, U = (l/hj + l/h 0 ) 1 = 74.4 W/m 2 K and 


L: 


35.960W 


^74.4w/m 2 ■ (0.05m)30.8°C 


100 m 


< 


(b) For water in cross flow at 2 m/s, R e D G = 2 m/s(0.05 m)/0.858 X 10 6 m 2 /s = 116,550, and the 
correlation yields Nujy o =527.3. Hence, 

h G = Nu D 0 k/D = 527.3(0.613 W/m - K)/0.05m = 6,465 w/m 2 ■ K 


U= (l/hj +l/h 0 ) 1 =615.3 W/m 2 K 


Hence, 


L = 


35.960W 


(615.3w/m 2 K)^(0.05m)30.8°C 


= 12m 


< 


COMMENTS: The foregoing results clearly indicate the superiority of water (relative to air) as a heat 
transfer fluid. Note the dominant contribution made by the smaller convection coefficient to the value of 
U in each of the two cases. 



PROBLEM 8.58 

KNOWN: Water flow rate and inlet temperature for a thin-walled tube of prescribed length and 
diameter. 

FIND: Water outlet temperature for each of the following conditions: (a) Tube surface maintained 
at 27 °C, (b) Insulation applied and outer surface maintained at 27° C, (c) Insulation applied and 
outer surface exposed to ambient air at 27°C. 

SCHEMATIC: 


-in -0.015kg/s — 1 > 
T mi , ?7X 




ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed flow throughout the tube, (3) 
Negligible tube wall conduction resistance, (4) Negligible contact resistance between tube wall and 
insulation, (5) Uniform outside convection coefficient. 

PROPERTIES: Assume water cools to T m 0 = 27°C with no insulation but that cooling is 
negligible (T m o = 97°C) with insulation. Table A-4, Water (T m =335K): c p = 4186 J/kg-K, p = 

453 x 10' N s/m , k =0.656 W/m-K, Pr = 2.88; Table A-4 , Water (T m i = 370K): c p = 4214 

AO ’ U 

J/kg-K, p = 289 x 10' N-s/m , k = 0.679 W/m-K, Pr = 1.80. 


ANALYSIS: For each of the three cases, heat is transferred from the warm water to a surface (or 
the air) which is at a fixed temperature (27°C). Accordingly, an expression of the form given by Eq. 
8.42b may be used to determine the outlet temperature of the water, so long as the appropriate heat 
transfer coefficient is used. In particular, each of the cases can be described by Eq. 8.46. 

AT n f UA S 

—- = exp-^ 

ATi ^ m Cp 

Referring to the thermal circuit associated with heat transfer from the water, 


'VVVVVV vv 

ifhjtrDi L 


VVVVVVVVV—•—'VVVVVVW'X 

(D 0 jD,) l/h 0 nD 0 L 
2irkL 



and using Eq. 3.32, the UA product may be evaluated as 
UA = (ER t ) _1 . 

(a) For the first case: T s i = 27°C ATi = T mi -T s i = 70°C UA = hpt DjL. 


Re D =^- =- 4X °- Q15kg/ ; --=14,053 

n D iV n (0.003m) 453xl0 -6 N-s/m 2 


Continued 




PROBLEM 8.58 (Cont.) 


From Eq. 8.60, 


^ = —0.023 Rej) Pr 
Di 


AT g = ATpxp 


4/5 n 0.30 0.656 W/m-K 


(0.023) (14,053) 4/5 (2.88) u '^ =14,373 W/m z • K. 


0.3 


0.003m 


f hjTT DjL A 
mc n 


= 70 C exp 


4 W 3 

14,373—-7i x0.003mxlm 

m 2 K _ 

0.015 kg/sx 4186 J/kg-K 


8.1 C 


T m , 0 = AT 0 + T si =8.1°C+ 27°C= 35.1°C. 
(b) For the second case: T s o = 27°C with 


AT i = T m,i~ T s,o =70°C UA =[(l/hi7t D i L) + to(D 0 /Di)/27t kL] V 
4 m 4x0.015 kg/s 


With Re D 


n D i(^ 7t (0.003m) 289xl0 _6 N-s/m 2 


:22,028 


^ =—0.023 Re^ 5 Pr 0 ' 3 = °- 679 W/m ’ K ( 0 .023) (22,028) 4/5 (l.80) u ' 3 =18,511 W/m z -K 


*0.3 


D; 


It follows that 


UA = 


0.003m 


- + 


In (0.004/0.003) 


18,51171X0.003 27t (0.05) 


-1 


5.73X10 -3 +0.916 


-1 


= 1.085 W/K 


and the outlet temperature is 


AT 0 = 70°C exp 


1.085 W/K 


0.015 kg/sx4214 J/kg-K 


68.8 C 


T m 0 = AT 0 + T so = 68.8 C + 27 C = 95.8 C. 

(c) For the third case: Too = 27°C, ATj = T m j - Too = 70°C and 

UA = [(l/hj7C D i F) + fn(D 0 /D i )/27t kF + (l/h 0 7t D 0 F)] _1 

-rl 


UA = 


5.73x10 3 +0.916 + 


AT 0 = 70°C exp 


5x (0.004) 


5.73x10 3 +0.916 + 15.92 


-1 


= 0.0594 W/K 


0.0594 W/K 


0.015 kg/sx4214 J/kg-K 


69.9 C 


T m 0 = AT 0 + Xo = 69.9°C + 27°C=96.9°C. 
COMMENTS: Note that Rconv,o » Rconcfinsul» Rconv,i> 



PROBLEM 8.59 


KNOWN: Thick-walled pipe of thermal conductivity 60 W/m-K passing hot water with Re D = 20,000, 
a mean temperature of 80°C, and cooled externally by air in cross-flow at 20 m/s and 25°C. 

FIND: Heat transfer rate per unit pipe length, q'. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Internal flow is turbulent and fully developed. 


PROPERTIES: Table A-6, Water (T m = 80°C = 353K): k = 0.670 W/mK, Pr = 2.20; Table A-4, 
Air (Too = 25°C » 300K, 1 atm): v = 15.89 x 10" 6 m 2 /s, k = 0.0263 W/m-K, Pr = 0.707. 


ANALYSIS: The heat rate per unit length, considering thermal resistances to internal flow, wall 
conduction (Eq. 3.28) and external flow, with A = 7tDL, is 

q / = [l/hj7t Dj+(l/27t k)ln(D 0 /D i )+l/h 0 7t D 0 ] _1 (T m -T*,). 


Internal Flow. Using the Dittus-Boelter correlation with n = 1/3 for turbulent, fully developed flow, 
where Rep. = 20,000 

hi = (k/Dj )Nu d = (k/Di)0.023Re 4/5 Pr 1/3 

hi = (0.670 W/m ■ K/0.020 m)0.023 (20,000 ) 4/5 2.20 1/3 = 2765 W/m 2 ■ K. 


External Flow. Using the Zhukauskas correlation for cross-flow over a circular cylinder with Pr/Pr s 
1, find first 

VD 0 20m/sx0.025 m 
Re D =-=- =31,466 

v 15.89xl0" b m 2 /s 

and from Table 7.4, C = 0.26 and m = 0.6, where n = 0.37, 

,m r,..n , 


Nu d = ^ = CRe™ Pr 11 (Pr/Pr s ) 1/4 
k 


x0.6, 


x0.37 


h 0 =(0.0263 W/m-K/0.025 m)0.26(31,466) (0.707) = 120W/m z -K. 

Hence, the heat rate is 

q= (l/2765 W/m 2 ■ Kxtt 0.020 m) + (1 /2 ji 60 W/m - K)ln(25/20) 

+ (l/120 W/m 2 ■ Kx^0.025 m) 1 (80-25)° C 


q = 


5.756xl0 -3 +5.919X 10 -4 +1.061xl0 _1 


W/m -K (80-25)° C 


q' = 489 W/m. 


< 


COMMENTS: Note that the external flow represents the major thermal resistance to heat transfer. 



PROBLEM 8.60 

KNOWN: Reaction vessel with process fluid at 75°C cooled by water at 27°C and 0.12 kg/s through 

2 

15 mm tube. High convection coefficient on outside of tube (3000 W/m K) created by vigorous 
stirring. 


FIND: (a) Maximum heat transfer rate if outlet temperature of water cannot exceed T mo = 47°C, 
and (b) Required tube length. 


SCHEMATIC: 


Reaction vesse t-A 

Process -Fluid, - 

% c ,= 7S°C 

h 0 = ^OOOW/rr?2-K 




Stirrer 


Z, = 7S°C 



Tm,o— ‘47°C 


;=27°C 


j\* Water} m=0.1Zkgjs 

1 / 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic and potential energy changes, (3) 
Negligible thermal resistance of tube wall. 

PROPERTIES: Table A-6, Water (T m = (47+27)° C/2 = 310 k) : p = l/v f = 993.1 kg/m 3 , c p = 
4178 J/kg-K, p = 695 x 10" 6 N s/m 2 , k = 0.628 W/mK, Pr = 4.62. 


ANALYSIS: (a) From an overall energy balance on the tube with T mo = 47°C, 

flmax =mc p (T mo -T mi ) =0.12 kg/s x4178 J/kg -K(47 -27)°C =10,027 W. < 

(b) For the constant surface temperature heating condition, from Eq. 8.46, 


T -T 
'<» i m,o 
-— = exp 


T -T 

J-OO 11 1 


m,i 


( 






m c 


P 


where 


1/U= 1/ho +1 /ll - 


) 


For internal flow in the tube, find 

4iri _ 4x0.12 kg/s 


Re D 


7t Dp 7 i xO.015 mx695xl0" 6 N- s/m 2 


=14,656 


and the flow is turbulent. Assuming fully developed flow, use the Dittus-Boelter correlation with n = 
0.4 (heating), 

Nu d = hiD/k = 0.023Repf Pr 0 ’ 4 

hi = [0.628 W/m ■ K/0.015 m]x0.023(l4,656) 4/5 (4.62)°‘ 4 = 3822 W/m 2 ■ K. 

2 2 

Hence, 1/U = [1/3000 + 1/3822] m K/W or U = 1680 W/m K. From the energy balance relation 
with P = 71D, find 


(75-47)°C 
(75-27)° C 


r 

exp 

v 


7t (0.015 m) Lxl680 W/m 2 ■ K 
0.12 kg/sx4178 J/kg -K 

) 


L = 3.4 m. 


< 


COMMENTS: Note that L/D = 227 and the fully developed flow assumption is appropriate. 




PROBLEM 8.61 


KNOWN: Water flowing through a tube heated by cross flow of a hot gas. Required to heat water from 
15 to 35 C with a flow rate of 0.2 kg/s. 

FIND: Design graphs to demonstrate acceptable combinations of tube diameter (D = 20, 30 or 40 mm), 
tube length (L = 3, 4 or 6 m) and hot gas velocity (20 < V < 40 m/s) and temperature (T x = 250, 375 or 
500°C). 


SCHEMATIC: 



D = 20, 40 or 60 mm 


Tm,o= 35 °C 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic and potential energy changes and 
axial conduction, (3) Fully developed flow and thermal conditions for internal flow, (4) Properties of the 
hot gas are those of atmospheric air, and (5) Negligible tube wall thermal resistance. 

PROPERTIES: Table A.6, Water (T m = (15 + 35)°C/2 = 298K); Table A.4, Air (T f = (T s +T 00 )/2, 
1 atm). 

ANALYSIS: Method of Analysis: The tube having internal flow of water with cross flow of hot gas can 
be analyzed by the energy balance relation, Eq. 4.86a 


T -T 

1 m,o 

T -T ■ 

x oo ^m,! 


= exp 


'(*pl) c 3 


mc r 


(1) 


where the overall coefficient U is 
U = (l/h i +l/h 0 )" 1 


( 2 ) 


Estimation of the internal flow coefficient, hj: Evaluating water properties at the average mean fluid 

Tm = (Tm,i + T m>0 )/^ > (3) 


characterize the flow with the Reynolds number, 
4m 

Re D,i = 7-^T 
( xD/J .) 


(4) 


and assuming the flow to be both turbulent and fully developed (L/D > 3m/0.07m = 42), use the Dittus- 
Boelter correlation, Eq. 8.60, to evaluate hj, 


Continued... 







PROBLEM 8.61 (Cont.) 


Nu D ,i = — = 0.023 Pr 0 ' 4 


(5) 


kj 

Estimation of the external flow coefficient, h Q : Evaluating gas (air) properties at the average film 
temperature 

Tf = (T s +T 00 )/2 (6) 


where T s is the average tube wall temperature (see Eq. (9)), characterize the flow 


Re D,o 


VD 


(7) 


and use the Churchill-Bernstein correlation, Eq. 7.57, for cross-flow over a cylinder, 

i4/5 


Nu D,o 


hoP-0.3, °- 62Re D,o P 4 /3 


l+(0.4/Pr o ) 


2/3 


nl/4 


1 + 


Re P,o 

282,000 


\5/8 


Tm 


Tqq 


Mh, Mh 0 ( § ) 


The average tube wall temperature, T s , follows from the thermal circuit 
T — T T — T 1 

x s _ x s /q\ 

i/hi " i/h 0 

The IHT Workspace: Using the Correlation Tools for Internal Flow (Turbulent flow), and External Flow 
{Flow over a Cylinder ) and Properties for Air and Water, along with the appropriate energy balances and 
rate equations, the heater-tube system can be analyzed. 

The Design Strategy : We have chosen to generate the design information in the following manner: for a 
specified gas temperature, , plot the required length L (limiting the scale to 3 < L < 6m) as a function 
of gas velocity V (20 < V < 40 m/s) for tube diameters of D = 20, 30 and 40 mm. Three design graphs 
corresponding to = 250, 375 and 500°C were generated and are shown on the next page. 

COMMENTS: (1) The collection of design graphs will allow the contractor to select appropriate 
combinations of tube D and L and gas stream parameters (and V) to achieve the required water 
heating. 

(2) Note from the design graphs that with = 250°C, the required heating of the water can be achieved 
only with a 40-mm diameter by 6 m length tube with gas velocities greater than 32 m/s. This 
configuration represents a worst case condition of largest tube parameters and highest gas velocity. 

(3) Which operating conditions, = 375 or 500°C, provides the contractor with more options in 
selecting combinations of tube parameters and gas velocities? What are the trade-offs in operating at 375 
or 500°C? Consider such features as tube life, tubing costs and fan requirements. 

(4) The Reynolds numbers for the internal flow are approximately 7,100, 9,460 and 14,200 for the tube 
diameters of 20, 30 and 40 mm. For the larger tube sizes, the Reynolds numbers are below 10,000, the 
usual lower limit for turbulent flow. 


Continued... 







PROBLEM 8.62 


KNOWN: Exhaust gasses at 200°C and mass rate 0.03 kg/s enter tube of diameter 6 mm and 
length 20 m. Tube experiences cross-flow of autumn winds at 15°C and 5 m/s. 

FIND: Average heat transfer coefficients for (a) exhaust gas inside tube and (b) air flowing 
across outside of tube, (c) Estimate overall coefficient and exhaust gas temperature at outlet of 
tube. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic and potential energy 
changes, (3) Negligible tube wall resistance, (4) Exhaust gas properties are those of air, (5) 
Negligible radiation effects. 

PROPERTIES: Table A-4, Air (assume T m>0 ~ 15°C, hence T m = 380K, 1 atm):c p = 1012 
J/kg-K, k = 0.0323 W/m-K, p = 221.6 x 10~ ? N s/m 2 , Pr = 0.694; Air (Too = 15°C = 288 K, 1 
atm): k = 0.0253 W/m-K, v = 14.82 x 10" 6 m 2 /s, Pr = 0.710; Air (T s » 90°C = 363 K, 1 atm): 
Pr = 0.698. 

ANALYSIS: (a) For the internal flow through the tube assuming a value for T m 0 = 15°C, find 

Re D =^_ =- 4X 0.003 kg/s - 2 . 873xl0 4 ' 

^ Trx0.006mx221.6xl0' 7 N-s/m 2 

Hence the flow is turbulent and, since L/D » 10, fully developed. Using the Dittus-Doelter 
correlation with n = 0.3, 

0 8 

Nu D =0.023Re^ 8 Pr 0 3 =0.023(2.873X10 4 ) ' (0.694) 03 = 76.0 

hj = Nu ■ k/D = 76.0x0.0323 W/m ■ K/0.006 m = 409 W/m 2 ■ K. < 


(b) For cross-flow over the circular tube, find using thermophysical properties at Too, 

VD 5 m/s x 0.006 m 

Re D =-=- 7 —= 2024 

V 14.82x10"” m 2 /s 

and using the Zhukauskus correlation with C = 0.26, m = 0.6, and n = 0.37, 

Nu d = CRe™Pr n (Pr/Pr s ) 1/4 =0.26(2024)°' 6 0.710 0 ' 37 (0.710/0.698) 0 ' 25 = 23.1 


where Pr s is evaluated at T s . Hence, 


h Q = Nu d ■ k/D = 23.1x0.0253 W/m ■ K/0.006 m = 97.5 W/m z ■ K. 


Continued 




PROBLEM 8.62 (Cont.) 

(c) Assuming the thermal resistance of the tube wall is negligible, 

111^11^9 9 

— = — + —= -+- m z ■ K/W U = 78.8 W/m z K. < 

U h Q hj ( 97.5 409 

The gas outlet temperature can be determined from the expression where P = 7tD. 

Too-T mo f PUL 1 f 7rx 0.006mx78.8 W/m 2 Kx20m 

-— = exp-=exp- 

T oo-T mi mc D 0.003 kg/s x 1012 J/kg -K 

15-T 

-—— = 0.999 

(15-200)° C 

T =15°C < 

1 m,o v -'- ^ 

COMMENTS: (1) With T mo = 15°C, find T m = 380 K; hence thermophysical properties 
for the internal flow correlation were evaluated at a reasonable temperature. Note that the gas 
is cooled from 200°C to the ambient air temperature, T mo = T°o, over the 20-m length! 

(2) The average wall surface temperature, T s , follows from an energy balance on the wall 
surface, 

T m ~T s _ hj 

T s - Tj n f h Q 

and substituting numerical values, find T s = 90°C = 363 K, the value we assumed for 
evaluating Pr s . Can you draw a thermal circuit to represent this energy balance relation? 

(3) When using the Zhukauskus correlation, it is reasonable to evaluate Prs at the T m for the 
first trial. For gases the assumption is a safe one, but for liquids, especially oils, additional 
trials will be required since the Prandtl number may be strongly dependent upon temperature. 



PROBLEM 8.63 


KNOWN: Superheated steam passing through thin-walled pipe covered with insulation and suspended 
in a quiescent air. 

FIND: Point along pipe surface where steam will begin condensing (xi). 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible KE, PE and flow work changes, (3) Steam 
properties may be approximated as those corresponding to saturated conditions. 

PROPERTIES: Table A.6, Saturated steam (T m = (100 + 120)°C/2 = 110°C - 385 K): p g = 0.876 
kg/m 3 , c p , g - 2080 J/kg-K, p g = 12.49 x 10 6 N-S/m 2 , k g = 0.0258 W/m-K, Pr g - 1.004. 

ANALYSIS: From Eq. 8.46a, where T nix is the mean temperature at any distance x, 

f Px A 


T -T 

1 oo A m,x 

T -T ■ 

x oo ^m,! 


= exp 


mc r 


U 


( 1 ) 


J 


The mass flow rate, with A c = TtD /4, is 
m 


h = PgA c u m = 0.876kg/m 3 {jc (0.050m)"'/4jxl0m/s = 0.0172kg/s 

4x0.0172kg/s 


and for the internal flow, 

4m 

Re D = 


;r(0.050m)xl2.49xl0 -6 N-s/m 2 


= 35,068. 


Assuming the flow is fully developed, the Dittus-Boelter correlation yields 

Nu d = ^ = 0.023 (35,068) 4/5 (l.004) 0 - 3 =99.58 
k 

, 0.0258 W/m-K nn co C1/1 / 2 

h; =---X99.58 = 51.4W/m K 

1 0.050m ' 

Hence, from Eq. 3.31, the overall coefficient for the inner surface is 


Uj = 


U i = 


" 1 , Diln(D 0 /Di) Dj l' 

-1 

1 (0.050)ln (0.100/0.050) 0.050 1 " 

A 2k D o h o. 


.51.4 2x0.085 0.100 10. 


-1 


W/m-K 


1.946xl0“ 2 + 2.039xl0 _1 +5.000xl0 -2 


n-1 


= 3.66 W/ m z ■ K. 


Continued... 








PROBLEM 8.63 (Cont.) 

With condensation occurring when the surface temperature reaches 100°C, the corresponding value of T m 
may be determined from the local (x = xi) requirement that Uj (^Dj )[T m (x^) —J 

= hj (^Dj)|^T m (xj) — T s J. Hence, 


T m( x l) 


Too -(hj/Uj )T S 

l-(hiM) 


20-(51.4/3.66)100°C 
1 —(51.4/3.66) 


107.7°C 


The distance at which the mean steam temperature is 107.7°C can then be estimated from Eq. (1), where 
P = rcDi and U = U„ 

7r(0.050m)3.66w/m 2 K^) ' 

0.0172kg/sx2080 J/kg • K 

v / 

X| = 8.15 m ^ 


(20-107.7) C 
(20-120)° C 


= exp 


COMMENTS: Note that condensation first occurs at the location for which the surface, and not the 
mean, temperature reaches 100°C. 



PROBLEM 8.64 


KNOWN: Length and diameter of air conditioning duct. Inlet temperature of chilled air. 
Temperature and convection coefficient associated with outer air. Chilled air flowrate. 

FIND: Chilled air exit temperature and heat flow rate. 


SCHEMATIC: 



*T „ 0 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible tube wall conduction resistance, (3) 
Negligible kinetic and potential energy changes and axial conduction. 

PROPERTIES: Table A-4, Air (300K, 1 atm): c p = 1007 J/kg-K, p = 184.6 x 10 7 kg/s-m, k = 
0.0263 W/m-K, Pr = 0.707. 

ANALYSIS: The exit temperature may be obtained from Eq. 8.46, where 

u=(h l - 1 +hp) _1 

With Re D = (Amin Du) =- 4(0.05 kg/s) -_ | , 495 

7t (0.3 m)l84.6x10 'kg/s-m 

the flow is turbulent and, assuming fully developed conditions over the entire length, the Dittus- 
Boelter correlation yields 

Nu d = 0.023Re^ /5 Pr 0 ' 4 = 0.023(11,495) 4/5 (0.707)°‘ 4 = 35.5 
hi = Nu D (k/D) = 35.5(0.0263 W/m - K/0.3 m) = 31.1 W/m 2 ■ K 


and U = (3.ir 1 + 2.0 _1 ) ^W/m 2 ■ k) = 1.22 W/m 2 ■ K. 

Eq. 8.46 yields T m 0 =T 00 - (t^ - T npi )exp - (rc DL/m c p )U 

T m,o = 37 ° c _30 ° c ex P 


% (0.3 m)l5 m(l.22 W/m 2 ■ k) 


0.05 kg/s(1007 J/kg-K) 


15.7 C 


and the heat rate is 

q = m c p (T mo - Vi ) = °- 05 k § /s ( 1007 J/k §' K)(8.7°c) = 438 W. < 

COMMENTS: The temperature rise of the chilled air is excessive, and the outer surface of the 
duct should be insulated to reduce U and thereby T m, o and q. 



PROBLEM 8.65 


KNOWN: Length, diameter, insulation characteristics and burial depth of a pipe. Ground surface 
temperature. Inlet temperature, flow rate and properties of oil flowing through pipe. 

FIND: (a) An expression for the oil outlet temperature, (b) Oil outlet temperature and pipe heat transfer 
rate for prescribed conditions, and (c) Design information for trade off between burial depth of pipe (z) 
and pipe insulation thickness (t) on the heat loss. 


SCHEMATIC: 



Insulation, D,- -1.2 m 
D 0 = 1.5 m, kj = 0.05 W/m>K 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Two-dimensional conduction 
in soil, (4) Negligible pipe wall thermal resistance, (5) Total resistance to heat loss is independent of x. 

PROPERTIES: Oil (given): p 0 - 900 kg/m 3 , c p , 0 = 2000 J/kg-K, V G = 8.5 x 10‘ 4 m 2 /s, k 0 = 0.140 
W/m-K, Pr Q = 10 4 ; Soil (given): k s = 0.50 W/m-K; Insulation (given): k ; = 0.05 W/m-K. 


ANALYSIS: (a) From Eq. 8.36 for a differential control volume in the oil and the rate equation 
dc lconv = r ^o c p,o^T m = dq = (T s — T m )/Rtot 


(1) 


where the total resistance is expressed as 

/- s-\ ln(D 0 /D;) 1 

^tot = Rconv + Rcond,i + ^cond,s =(hTDdxJ H f- — 

2^kjdx k s S 


^tot _ 


1 | ln(D 0 /Di) [ cosh 1 (2z/D 0 ) 


h^Dj 2^kj 


2^k, 


/dx = R' tot /dx 


where, from Table 4.1, 

S = 2;rdx/cosh~ 1 (2z/D 0 ) 
It follows that 

( T s- T m) dx 


Rt 


tot 


= mo c p,o dT m 


Integrating between inlet and outlet conditions 
rTm n dT m rL dx 




T m -T s 


= -f - 

JO if 


0 rh 0 Cp 0 R t0t 


dT, 


m__ 


dx 


^s T m rii 0 Cp 0 R t0t 


Assuming R tot to be independent of x and integrating, 

f . A 


T -T 

1 m,o x s 

T -T 
1 m,i x s 


= exp 


L 


dl o c p,o^tot 


( 2 ) 

(3) 


(3) < 

Continued... 



PROBLEM 8.65 (Cont.) 


(b) To calculate T m o for the prescribed conditions, begin by evaluating h , where 

4iru 4x500kg/s 


Re D = 


1 o __ 


^ D iPo v o 71 (1.2 m) 900 kg/m 3 x8.5xl0“ 4 m 2 /s 
Hence, the flow is laminar, and with a thermal entry length, 

0.0668 (Di/L)Re D Pr 


= 694 


Nud = 3.66 + 


l + 0.04[(D i /L)Re D Pr] 


2/3 


( 1.2 A 


(D i /L)Re D Pr= — (694)10 =83.3 


v 10 3 j 

h = — 6.82 _ 0-14W/m - K 6 82 = o.80 w/m 2 ■ K 
Dj 1.2 m 

From Eq. (2), the overall thermal resistance is 

1 In (1.5/1.2) 


Nud = 6.82 


cosh 1 (4) 


R tot = 


0.8w/m 2 -Ki(l.2m) 2f (0.05W/m-K) 2®(0.5W/m-K) 


Rt ot = (0.33 + 0.71 + 0.66) K ■ m/W = 1.70 K ■ m/W 

and the oil outlet temperature can be calculated as 


T -T 

1 m,o x s 

T ■ -T 
1 m,i x s 


f 


= exp 


10 5 m 


A 


500 kg/s x 2000 J/kg ■ K x 1.7 K ■ m/W 


= 0.943 


T m , 0 = 110.9°C 

The total rate of heat transfer from the pipeline is then 

q = m Q Cp 0 (T m p - T m 0 ) 

q = 500 kg/s x 2000 J/kg ■ K (120 -110.9)° C = 9. lxlO 6 W. 


(4) 

(5) 


< 

( 6 ) 

< 


(c) Using the IHT Workspace with the foregoing equations, an analysis was performed to determine the 
heat loss, q, as a function of burial depth for the range, 1 < z < 6 m, for thicknesses of insulation which 
are -25%, +25%, +50% and 100% that of the base case, t = r c - rj = 150 mm. 



Insulation thickness, t = 113 mm (-25%) 
t = 150 mm (base case) 
t = 188 mm (+25% 
t = 225 mm (+50%) 
t = 300 mm (+100%) 


Continued... 




PROBLEM 8.65 (Cont.) 


From this information, the operations manager can compare the costs associated with burial depth and 
insulation thickness with respect to acceptable heat loss. 

COMMENTS: (1) Since the thermal entry region is very long, x fd , t ~ 0.05DRe D Pr = 4.16 x 10 5 m, h x 
will be changing with x throughout the pipe. A more accurate solution would therefore be one in which 
Eq. (1) is integrated numerically, in a step-by-step fashion. For example, the integration could involve a 
step width of Ax = 10 3 m, with h and R j evaluated at each step. 

(2) The three contributions to the total thermal resistance are comparable. 

(3) IHT version 1.0 doesn’t support inverse hyperbolic functions. To determine the shape factor from 
Eq. (3), use this approach: 

// Shape factor: 

S = 2 * pi / yy //Eq (2); Table 4.1 

cosh (yy) = 2 * z / Do // Inverse hyperbolic function representation 

cosh (yy) = 0.5 * ( exp (yy) + exp (-yy)) // Definition of the the function 

R'conds = 1 / ( ks * S ) // Thermal resistance 



PROBLEM 8.66 


KNOWN: Length, diameter, insulation characteristics and burial depth of pipe. Ground surface 
temperature. Inlet temperature, minimum allowable exit temperature, flow rate and properties of oil flow 
through pipe. 

FIND: Effect of soil thermal conductivity and flowrate on heat rate and outlet temperature. 


SCHEMATIC: 



^110°C 


D q = 1.5 m, ki = 0.05 W/rn-K 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Two-dimensional conduction 
in soil, (4) Negligible pipe wall thermal resistance, (5) Total resistance to heat loss is independent of x. 


PROPERTIES: Oil (given): p 0 - 900 kg/m 3 , c p , 0 = 2000 J/kg-K, V D = 8.5 x 10‘ 4 m 2 /s, k 0 = 0.140 
W/m-K, Pr Q = 10 4 . 


ANALYSIS: From the analysis of Problem 8.60, the outlet temperature may be computed from the 
expression 

A L A 


T -T 
A m,o A s 

T • -T 
A m,i A s 


: exp 


mCp, 0 Rtot J 


where 


1 , ln(D 0 /Di) cosh 1 (2z/D 0 ) 

K tot — — + + 

h^Dj 2nk { 2;rk s 

and h is determined from Eq. 8.56. The heat rate may then be obtained from the overall energy balance 

q = mCp (T m p - T m 0 ) 

Using the Correlations Toolpad of IHT to perform the parametric calculations, the following results were 
obtained. 



mdot = 250 kg/s 
mdot = 375 kg/s 
mdot = 500 kg/s 


mdot = 250 kg/s 
mdot = 375 kg/s 
mdot = 500 kg/s 


Continued... 




PROBLEM 8.66 (Cont.) 


Due to a reduction in the thermal conduction resistance of the soil with increasing k s , there is a 
corresponding increase in the heat rate q from the pipe and a reduction in the oil outlet temperature. The 
heat rate also increases with increasing m (due to an increase in h and hence a decrease in the 
convection resistance), but the increase lags that of the flow rate, causing the outlet temperature to 
increase with increasing hi. Conditions for which T m o > 110°C cannot be achieved for hi = 250 kg/s, 
but can be achieved for k s < 0.33 W/m-K and k s < 0.65 W/m-K for hi = 375 kg/s and 500 kg/s, 
respectively. The worst case condition corresponds to the smallest value of hi and the largest value of k s . 

Measures to maintain T m o > 110°C could include increasing the burial depth, increasing the insulation 
thickness, and/or using an insulation of lower thermal conductivity. 

COMMENTS: The thermophysical properties of oil depend strongly on temperature, and a more 
accurate solution would account for the effect of variations in T m on the properties. 



PROBLEM 8.67 

KNOWN: Water flowing through a thin-walled tube is heated by hot gases moving in cross flow over 
the tube. 

FIND: Outlet temperature of the water, T m o . 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Tube wall thermal resistance negligible, (3) 

Exhaust gas properties those of atmospheric air, (4) KE, PE, flow work changes negligible, (5) Fully 
developed internal flow, (6) Constant properties. 

PROPERTIES: Table A-6, Water (assume T m 0 - 50°C, T m = (50 + 30)° C/2 - 315 K): p = l/v f = 
3 6 2 

991.1 kg/m , Cp = 4179 J/kg-K, p = 631 x 10 N s/m , k = 0.634 W/m-K, Pr = 4.16; Table A-4, Air 

6 2 3 

(Too = 225°C » 500 K, 1 atm): v = 38.79 x 10"' m7s, k = 40.7 x 10"~ W/m-K, Pr = 0.684. 


ANALYSIS: This situation may be analyzed using Eq. 8.46 with U = l/(l/hj + 1 / h 0 ), where 

hj and Iiq correspond to coefficients for internal and external flows, respectively. Internal flow: 

With properties evaluated at T m , assuming T m o = 50°C, Rep> = 4hi /7it)p = 4 x 0.25 kg/s / n x 0.040 
-6 2 

m x 631 x 10 N s/m = 12,611. The internal flow is turbulent and fully developed (L/D = 100), and 
the Dittus-Boelter correlation for heating conditions (T s > T m ) is appropriate, 

hj = —0.023Reo 5 Pr 04 = °' 634 W/m ’ K 0.023(12,611) 4/5 (4.16) Q4 =1230 W/m 2 -K. 

D 0.040 m 

For the external flow, 

Re D = VD/v = 100 m/sx0.040 m/38.79xl0" 6 m 2 /s = 1.031xl0 5 
and from Table 7.4, C = 0.26 and m = 0.6; Pr < 10, n = 0.37, and Pr =Pr s , 
h 0 = (k/D)CReg Pr 11 (Pr/Pr s )'' 4 


- 40.7x10 3 W/m-K 

h o =- 


0.040 m 


0.6 


x0.26 1.031X10 3 (0.684) 0 ' 37 (l) 1/4 = 234 W/m z • K 


Substituting numerical values into Eq. 8.46 with P = TtD and U = 197 W/nTK, 


A m,o 

T -T • 
1 m,i 


: exp (-PLU/mCp) 


( 1 ) 


T mo = 225°C -(225 -30)° Cexp 


7t x0.040 mx4 m 
0.25 kg/s X4179 J/kg-K 


-xl97 W/m z -K 


= 47.6°C 


COMMENTS: Note the assumed value of T m o to evaluate water properties was reasonable. 
Using Eq. (1), replacing Too and U with T s and h b respectively, find T s = 63.2°C; hence, Pr s (T s ) ~ 
0.687. The assumption that Pr ~ Pr s in the Zhukauskas relation is reasonable. 



PROBLEM 8.68 


KNOWN: Single tube heat exchanger for cooling blood. 

FIND: (a) Temperature at which properties are evaluated in estimating h, (b) Prandtl number for the 
blood, Pr, (c) Flow condition: laminar or turbulent, (d) Average heat transfer coefficient, h, for blood 
flow, (e) Total heat rate, q, (f) Required length of tube, L, when U is known. 

SCHEMATIC: 



PROPERTIES: Blood (Given, T m ): p = 1000 kg/rn^, v = 7 x 10 ^ nWs, k = 0.5 W/m-K, Cp = 
4000 J/kg-K. 

ASSUMPTIONS: (1) Flow and thermal conditions fully developed, (2) Thermal resistance of tube 

material is negligible, (3) Overall heat transfer coefficient between blood and water-ice mixture is U = 
2 

300 W/m K, (4) Constant properties, (5) Negligible heat transfer enhancement associated with coiling. 


ANALYSIS: (a) Evaluate properties at T m = (T 0 +Tj) /2 = (40+30) C/2 = 35°C. 
(b) The Prandtl number is 

f 4000 J/kg ■ K x7 x 10 _ 7 m 2 / s x 1000 kg/m 3 


Pr 


c pf7 _ c p v P 


k k 
(c) Calculate Reynolds number as 


0.5 W/m ■ K 


4 m 4 Vp 4 V 4x10 ^m 3 /min (l min/60s) 

R e D = -=-=-=-o-^— 3 — = 1213 

71D|I TtDvp 71 Dv 7rx2.5xl0 -J mx7xl0 _/ m 2 /s 

Hence, the flow is laminar, 

(d) For laminar and fully developed conditions, Eq. 8.55 is the proper correlation, 

Nu d = hD/k = 3.66 h = 3.66x0.5 W/m-K/2.5xl0 -3 m = 732 W/m 2 K, 

(e) The total heat rate follows from an overall energy balance, Eq. 8.37, 

q = mc p (T 0 -T i )= pVc p (^-T i ) 

q = 1000 kg/m 3 (10 -4 m 3 /min/60 s/min) 4000 J/kg ■ Kx (30 - 40)° C = -66.7 W. 


:5.60. 


(f) Using the rate equation, Eq. 8.47, solve for L, 

q _ 66.7 W 


L 


U 7 tDAT to 300 W/m 2 -K^x 2.5x10 3 m)x34.8°C 
where A = TtDL and AT/ m = [(40 - 0)°C - (30 - 0)°C]/Z n(40/30) = 34.8°C. 


0.81 m 


< 

< 

< 

< 

< 

< 



PROBLEM 8.69 

KNOWN: Flow conditions associated with water passing through a pipe and air flowing over the pipe. 

FIND: (a) Differential equation which determines the variation of the mixed-mean temperature of the 
water, (b) Heat transfer per unit length of pipe at the inlet and outlet temperature of the water. 

SCHEMATIC: 

U 

D=lm 
C^Wafer> 

777 = 2 kg/s 

r m ^2oo°c^, 

insulation 

k- 



ASSUMPTIONS: (1) Negligible temperature drop across the pipe wall, (2) Negligible radiation 
exchange between outer surface of insulation and surroundings, (3) Fully developed flow throughout 
pipe, (4) Negligible potential and kinetic energy and flow work effects. 

PROPERTIES: Table A-6, Water (T m i = 200°C): c p . w = 4500 J/kg-K, p w = 134 x 10 " 6 N s/m 2 , 
k w = 0.665 W/mK, Pr w = 0.91; Table A-4, Air (T*, = - 10°C): v a = 12.6 x 10 " 6 m 2 /s, k a = 0.023 
W/m-K, Pr a = 0.71, Pr s = 0.7. 

ANALYSIS: (a) Following the development of Section 8.3.1 and applying an energy balance to a 
differential element in the water, we obtain 

m c p, w T m -dq-mCp 5W (T m +dT m ) = 0. 


dq = -m c p)W dT m 


Hence 

where dq = UjdAj (T m - T^) = UjTt D dx (T m - T^). 

Substituting into the energy balance, it follows that 


d T m _ UjTt D 
dx me 


(Tm Xjo). 


( 1 ) < 


P 


The overall heat transfer coefficient based on the inside surface area may be evaluated from Eq. 3.30 
which, for the present conditions, reduces to 


Ui = 


1 


—+—Hi 

hj 2k 


D + 2t 


D 


+ - 


D 


1 


( 2 ) 


J 


D + 2t h r 


For the inner water flow, Eq. 8.6 gives 

4 m _ 4x2 kg/s 


Re 


D 


71 T)(i w 7t (l m)x!34xl0 kg/s-m 


: 19,004. 


Continued 




PROBLEM 8.69 (Cont.) 

Hence, the flow is turbulent. With the assumption of fully developed conditions, it follows from Eq. 
8.60 that 


hi =^x 0.023 Re 475 Pi\?' 3 

D 


'D 


x w 


For the external airflow 

V(D+2t) 4 m/s (1.3m) 


Re D =- 


v 


12.6xl(T 6 m 2 /s 


= 4.13x10 . 


Using Eq. 7.31 to obtain the outside convection coefficient, 

ka x0.076Rep 7 PrJ- 37 (Pr a /Pr s ) 1/4 . 


(D + 2t) 


( 3 ) 


( 4 ) 


(b) The heat transfer per unit length of pipe at the inlet is 
q = 7 t D Ui (T m i -Tqo )■ 


( 5 ) 


From Eqs. (3 and 4), 

0.665 W/m-K 


hi = 


x 0.023(19,004) 4/5 (0.9l) u ‘ J = 39.4W/m z ■ K 


0.3 


ho - ' 


1 m 

0.023 W/m ■ K 


(1.3 m) 

Hence, from Eq. (2) 

1 lm 


c \0.7 A ->-] 1 / A A 

x0.076(4.13xl0 3 (0.71) (l) =10.1 W/m-K. 


Ui 


- + - 


-in 


UjUO 

V T 7 


+-X 


U3 10.1 W/m 2 K 


39.4 W/m 2 K 0.1 W/m-K 
and from Eq. (5) 

q= 7 t(lm) ^0.37 W/m 2 K j (200+10)° C = 244 W/m. 


:0.37 W/m ■ K 


Since Uj is a constant, independent of x, Eq. (1) may be integrated from x = 0 to x = L. The result is 
analogous to Eq. 8.42b and may be expressed as 


T -T 

1 qq x m,o 

T -T 

■co %,! 


exp 


7t DL 


m c 


Ui 


Hence 


Too T mo 

T>o _ T m i 


p,w 


= 0.937. 


■ exp 


Jtxlmx500m , x0J7w/m 2. K 


2 kg/s x 4500 J/kg ■ K 


T m ,o = Too + 0.937 (T m i -T TO ) = 187°C. 


COMMENTS: The largest contribution to the denominator on the right-hand side of Eq. (2) is made 
by the conduction term (the insulation provides 96% of the total resistance to heat transfer). For this 
reason the assumption of fully developed conditions throughout the pipe has a negligible effect on the 

calculations. Since the reduction in Tin is small (13°C), little error is incurred by evaluating all 
properties of water at T m j. 



PROBLEM 8.70 


KNOWN: Timer and outer radii and thermal conductivity of a teflon tube. Flowrate and temperature 
of confined water. Heat flux at outer surface and temperature and convection coefficient of ambient 
air. 


FIND: Fraction of heat transfer to water 
and temperature of tube outer surface. 


SCHEMATIC: 




T 

r 0 =13mm 


YZ, 


Teflon, 

k=0.$S)Nlm-K- 




q"=2000W/nrZ 


r[-10mm I 

1_.TXT 
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T„ 
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rl 


2n(r 0 lr;) 

ZrrLk 






>(h A) 
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ASSUMPTIONS: (1) Steady-state conditions, (2) Fully-developed flow, (3) One-dimensional 
conduction, (4) Negligible tape contact and conduction resistances. 

PROPERTIES: Table A-6, Water (T m = 290K): p = 1080 x 10’ 6 kg/s-m, k = 0.598 W/mK, Pr = 
7.56. 


ANALYSIS: The outer surface temperature follows from a surface energy balance 


(271 i 0 L) c\ = 


Ts,o Too 


- + - 


Ts,o T m 


(h 0 27troL) 1 (ln(tb/ii)/27t Lk) + (l/27t qUii) 
0 =h 0 (T s , 0 -Too)+- 


Ts,o T m 


( r o /k)ln(t^ /rj + (r Q /rj/hi 


With Rej) =4 rii/(7t Dp) =4(0.2kg/s)/| 7t (0.02 m)1080x!0 ^kg/s m 


= 11,789 


the flow is turbulent and Eq. 8.60 yields 

hi = (k/Di )0.023Reo /5 Pr°' 4 = (0.598 W/rn K/0.02 m)(0.023)(l 1,789) 4/5 (7.56) 0 4 = 2792 W/m 2 K. 

Hence 

j _290 K 

2000 W/m 2 = 25 W/m 2 • K (t s 0 - 300K )+-^ 

(0.013 m/0.35 W/m • K)ln (l.3 ) + (l.3 )/12792 W/m 2 • K 1 

and solving for T s o , T s o = 308.3 K. < 

The heat flux to the air is 

0o = h o ( T s ,o - = 25 W/m 2 ■ K(308.3-300) K = 207.5 W/m 2 . 

Hence, q-/q" = (2000-207.5) W/m 2 /2000 W/m 2 =0.90. < 

COMMENTS: The resistance to heat transfer by convection to the air substantially exceeds that due 
to conduction in the teflon and convection in the water. Hence, most of the heat is transferred to the 
water. 





PROBLEM 8.71 


KNOWN: Temperature recorded by a thermocouple inserted in a stack containing flue gases with a 
prescribed flow rate. Diameters and emissivities of thermocouple tube and gas stack. Conditions 
associated with stack surroundings. 

FIND: Equations for predicting thermocouple error and error associated with prescribed conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Flue gas has properties of air at T g ~ 327°C, (3) 
Stack forms a large enclosure about the thermocouple tube and surroundings form a large enclosure 
around the stack, (4) Stack surface energy balance is unaffected by heat loss to tube, (5) Gas flow is 
fully developed, (6) Negligible conduction along thermocouple tube, (7) Stack wall is thin. 

PROPERTIES: Table A-4, Air (T g = 600K, p g = 1 atm): p = 0.58 kg/m 3 , p = 305.8 x 10 7 N-s/rri^, 
v = 52.7x 10" 6 m 2 /s, k = 0.0469 W/m-K, Pr = 0.685. 

ANALYSIS: Determination of the thermocouple error necessitates determining the gas temperature 
Ta and relating it to the thermocouple temperature T t . From an energy balance applied to a control 
surface about the thermocouple, 

Oconv = Orad or h^A t(Tg _ Tjj =£ t oAj |Tj —T s j. 

Hence T g =T t +^( Tt 4 -T s 4 ). (1) < 

However, T s is unknown and must be determined from an energy balance on the stack wall. 

9conv,i — 9conv,o Orad 

hi As (Tg — T s j = h 0 As (T? — ) +8 s oA s |t s — T sur j 

° r T g =T s + ^( T s- T “) + ljf ( T s 4 -4r)- (2) < 


Ta and T s may be determined by simultaneously solving Eqs. (1) and (2). For the prescribed conditions 


Rc Dt 


pVD t P (hig/p 7 tD s /4jD t 4 rhgDt 


4x1 kg/sx0.01 m 


7 tpDg Ttx305.8xl0' 7 N-s/m 2 (0.6 m)" 


1157. 


Continued 









PROBLEM 8.71 (Cont.) 

Assuming (Pr/Pr s ) = 1, it follows from the Zhukauskus correlation 
Nu D = 0.26Re^ t 6 Pr°' 37 
where C = 0.26 and m = 0.6 from Table 7.4. Hence 

h t = Q '° 469 W/m K (i 157) 0 - 6 (0.685) 0 - 87 x0.26 =73 W/m 2 K. 


0.01 m 

Hence, from Eq. (1) T CT = 573 K + 


0.8x5.67xl0~ 8 W/m 2 • K 4 
73 W/m 2 ■ K 


^573 4 -T s 4 )k 4 


T g = 573 K + 67 K -6.214xlO _10 T^ 4 = 640- 6.214xlO _10 T 4 . 


Also, Rep> s 


4 m 0 


4x1 kg/s 


6.94x10 


X Dsfi 7t (0.6 m)305.8xl0 -7 N s/m 2 

and the gas flow is turbulent. Hence from the Dittus-Boelter correlation, 


hi =—0.023Re 4/3 Pr 0 3 = °- Q469w/mK X 0.023[6.94xl0 4 


D t 


0.6 m 


4/5 


X 


(0.685)' 


0.3 


(la) 


42 W/m -K. 


Hence from Eq. (2) 


Tg =T S +—(T s -300 K) + 0.8x5.67x 1( )-S W-K 4 
12 12 W/m 2 K 


T 4 -300 4 


K h 


T„ =T S +2.083T S -625 K+ 3.78x10 9 T S 4 -30.6 K =-655.6K+3.083T S +3.78x10 9 T S 4 . (2a) 


Solve Eqs. (la) and (2a) by trial-and-error. Assume values for T s and determine Tg from (la) and 
(2a). Continue until values of Ti_, agree. 


T S (K) 

Tg (K) —> (la) 

Tg (K) —> (2a) 

400 

624 

674 

375 

628 

575 

387 

626 

622 

388 

626 

626 


Hence T s = 388 k, T CT = 626 K 

and the thermocouple error is T_ r -T t = 626 K- 573 K = 53°C. < 

COMMENTS: The thermocouple error results from radiation exchange between the thermocouple 

tube and the cooler stack wall. Anything done to T T s would i this error (e.g., i h () or T Too and 

T sur ). The error also i with T ht. The error could be reduced by installing a radiation shield around 
the tube. 



PROBLEM 8.72 


KNOWN: Platen heated by hot ethylene glycol flowing through tubing arrangement with spacing S 
soldered to lower surface. Top surface exposed to convection process. 


FIND: Tube spacing S and heating fluid temperature T m which will maintain the top surface at 45 ± 
0.25°C. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions; (2) Lower surface is insulated, all heat transfer from hot 
fluid is into platen; (3) Copper tube is thick-walled such that interface between solder and platen is 
isothermal; (4) Fully developed flow conditions in tube. 

PROPERTIES: Table A.4 , Ethylene glycol (T m = 60°C): u = 0.00522 N s/m 2 , k = 0.2603 W/m-K. 


ANALYSIS: Begin the analysis by setting up a nodal mesh (9 x6) to represent the platen experiencing 
convection on the top surface (T^, h) while the two side boundaries are symmetry adiabats. On the lower 
surface, nodes 46 and 47 represent the isothermal platen-solder interface maintained at T 0 by the hot 
fluid. The remaining nodes (49-54) are insulated on their lower boundary. 


Too = 25 °C 
h = 100 W/m 2 *K 


t 

2. 

3 

4 

5 

6 

7. 8. 9! 

10111. 

12 

13, 

14, 

15, 

16 

17, 


19 , 

20, 

2 \ 

22, 

23, 

24, 

25 , 

26, 

2? l 

28. 

29, 

30, 

31, 

3^ 

33, 

34, 

35, 

36] 

37 

38, 

39, 

40, 

41, 

42 , 

43, 

44, 

4 5] 

46, 

47, 

48 , 

49 , 

50 , 

5 ! 

-52 

53 , 

4 


! 7- 46 = T- 47 = T 0 hH ; 

Ax = 2 D,-/3 

The heat rate supplied by the tube to the platen can be expressed as 
q cv =0.5h o (;rDj)(T m -T 0 ) 

From energy balances about nodes 46 and 47, the heat rate into the platen by conduction can be 
expressed as 

Ocd = 0a + % + 0c 

0a = k (Ax/2) (T 45 - T 3-7 )/Ay 


(1) 

( 2 ) 

(3) 


Continued... 






PROBLEM 8.72 (Cont.) 


q'b =k(Ax)(T 47 —T 38 )/Ay 

(4) 

9c =k(Ay/2)(T 47 -T 48 )/Ax 

(5) 

and we require that 


q C d = 9cv 

(6) 


The convection coefficient for internal flow can be estimated from a correlation assuming fully 
developed flow. First, characterize the flow with 


Re D 


4m 


4x0.06 kg/s 


^ D i V n (0.008 m)0.00522Ns/m" 
and since it is laminar, 

Nu d =^1 = 3.66 


: 1829 


h Q = 3.66x0.2603 W/m- K/0.008m = 119.1W/m- K 


where properties are evaluated at T m . Using the IHT Finite-Difference Tool for Two-Dimensional 
Steady-State Conditions and the Properties Tool for Ethylene Glycol, along with the foregoing rate 
equations and energy balances, Eqs. (1-6), a model was developed to solve for the temperature 
distribution in the platen. In the solution, we determined what hot fluid temperature was required to 
maintain Ti = 45°C. Two trials were run. In the first, the nodal arrangement was as shown above (9 x 6) 
for which S/2 = (9 - l)Ax = 42.67 mm with Ax = 2D/3 = 5.33 mm and Ay = w/5 = 5 mm. In the second 
trial, we repositioned the right-hand symmetry adiabat to pass vertically through the nodes 6-51 so that 
now the nodal mesh is (6 X 6) and S/2 = (6 - l)Ax = 26.65 mm with Ax and Ay remaining the same. The 
results of the trials are tabulated below. 


Trial 

Mesh 

T! (°C) 

T 6 (°C) 

T 9 (°C) 

T m (°C) 

Ocv (W/m) 

1 

9x6 

45.0 

43.5 

43.0 

105 

80.5 

2 

6x6 

45.0 

44.5 

— 

85 

52.6 


From the trial 2 results, the surface temperature uniformity is (Ti - T 6 ) = 0.5°C which satisfies the 
±0.25°C requirement. So that suitable tube spacing and fluid temperature are 

S = 53 mm T m =85°C < 

COMMENTS: (1) Recognize that the grid spacing is quite coarse and good practice demands that we 
repeat the analysis decreasing the nodal spacing until no further changes are seen in T m . 

(2) In the first trial, note that T m = 105°C which of course, is not possible. 



PROBLEM 8.73 


KNOWN: Features of tubing used in a ground source heat pump. Temperature of surrounding soil. 
Fluid inlet temperature and flowrate. 

FIND: (a) Effect of tube length on outlet temperature, (b) Recommended tube length and the effect of 
variations in the flowrate. 

SCHEMATIC: 

Polyethylene tubing 
( t= 8 mm, k t = 0.47 W/m-K) 

Dj = 25 mm 


T m ,i= °°C 
tin = 0.03 kg/s 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible conduction 
resistance in soil, (4) Negligible KE, PE and flow work changes, (5) Fluid properties correspond to those 
of water. 

PROPERTIES: Table A.6 (assume T m = 277 K): c p = 4206 J/kg-K, p = 1560 x 10' 6 N s/m 2 , k = 0.577 
W/m-K, Pr = 11.44. 

ANALYSIS: (a) For the prescribed conditions, Re D = 4m/7rD^ll = 4(0.03kg/s)/^ (0.025m)l560 

X 10 6 N • s/m 2 = 980 and the flow is laminar. Assuming thermal entry length conditions, which is 
reasonable for Pr = 11.44, Eq. 8.56 may be used to determine the average convection coefficient 

— 0.0668 (D/L) Re D Pr 

l + 0.04[(D/L)Re D Pr] 

With T s used in lieu of T^, Eq. 8.46b may be used to determine T mo , 



L 

mepRtot ^ 

where Rj ot accounts for the convection and tube wall conduction resistances, 

Rtot = Rcnv + Rcnd = (l/7TDih) + ln(D 0 /Dj)/27rk t 

and 

D 0 = Dj + 2t = 41mm . 

Using the Correlations and Properties Toolpads of IHT, the following results were obtained for the 
effect of the tube length L on T m o . 



Continued... 



PROBLEM 8.73 (Cont.) 



-e— mdot = 0.015 kg/s 
-A— mdot = 0.030 kg/s 
■H— mdot = 0.045 kg/s 


The longer the tube the larger the rate of heat extraction from the soil, and for m = 0.030 kg/s, the 
temperature rise of AT = (T m0 - T m ] ) ~ 6°C is well below the maximum possible value of AT max = 10°C. 

(b) The length should be at least 50 m long. If the flowrate were reduced by 50% (hi = 0.015 kg/s), the 
corresponding temperature rise would be close to AT max and L = 50 m would be close to optimal. 
However, for the nominal flowrate and a 50% increase from the nominal, the length should exceed 50 m 
to recover more heat and provide a heat pump inlet temperature which is closer to the maximum possible 
value. 

COMMENTS: In practice, the tube surface temperature would be less than 10°C (if the temperature of 
the soil well removed from the tube were at 10°C), thereby reducing the heat extraction rate and T ni , 0 . 




PROBLEM 8.74 

KNOWN: Reynolds numbers for fully developed turbulent flow of water in a smooth circular tube. 


FIND: Nusselt numbers based on the Colburn, Petukhov and Gnielinskicorrelations. 

SCHEMATIC: 

v4 4 r\ 5 




ANALYSIS: The correlations are 
Colburn , Equation 8.59, 

Nu d = 0.023Re^ 5 Pr 1/3 


Petukhov , Equation 8.62, 


Nu d = 


(f/8) Re D Pr 


1.07+ 12.7 (f/8) 1/2 (pr 2/3 -l) 


Pr" 

2 


f = (l.821ogp)Re£) -1.64) 

Gnielinski , Equation 8.63, 

(f/8)(Re D -1000)Pr 


Nu d 


1 +12.7 (f/8) 172 (pr 2/3 -1 


f =(0.791nRe D -1.64) 
It follows that: 


-2 


Rej)=4000, lOylO; Pr-6 


Reo 


Correlation 4000 IQ 4 10^ 


Colburn 

31.8 

66.2 

417.9 

Petukhov 

40.0 

81.2 

549.5 

Gnielinski 

30.0 

75.0 

560.0 


4 

COMMENTS: The Colburn equation does well in the transitional region (Rcq < 10 ), where the 
Gnielinski equation provides the best predictions, but can significantly underpredict the Nusselt 
number under fully turbulent conditions. 



PROBLEM 8.75 


KNOWN: Effect of entry length on average Nusselt number for turbulent flow in a tube. 
FIND: Ratio of average to fully developed Nusselt numbers for prescribed conditions. 


SCHEMATIC: 


C> 



Nuj, (x) _/y u 


Z Z7. Z Z3 


zzzzzzzzz 


ASSUMPTIONS: (1) Sharp edged inlet, (2) Combined entry region. 
ANALYSIS: From Eq. 8.64, 
n^d _ tl C 
Nu D,fd (x/D) m 

and with C = 24 Rej^^ and m = 0.815-2.08x10 ^Rep, 

Nup 24Re-°- 23 

Nu D,fd ( x/D )(0'815 - 2-08xl0 _6 Re D j 

It follows that 


(Nup/Nup)fd) Re D Dx/d( 


1.464 

10 4 

10 

1.112 

10 4 

60 

1.420 

10 5 

10 

1.142 

10 5 

60 


COMMENTS: The assumption N u [) ~ N u |-j for x/D= 10 would result in underprediction of 
Nup by approximately 45%. The underprediction is only approximately 10% for x/D = 60. 



PROBLEM 8.76 


KNOWN: Fluid enters a thin-walled tube of 5-mm diameter and 2-m length with a flow rate of 0.04 
kg/s and temperature of T m j = 85°C: tube surface temperature is maintained at T s = 25°C; and, for 
this base operating condition, the outlet temperature is T m o = 31.1°C. 

FIND: The outlet temperature if the flow rate is doubled? 

SCHEMATIC: 



ASSUMPTIONS: (1) Flow is fully developed and turbulent, (2) Fluid properties are independent of 
temperature, and (3) Constant surface temperature cooling conditions. 

ANALYSIS: For the base operating condition (b), the rate equation, Eq. 8.42b, with C = ifiCp, the 
capacity rate, is 

Ts ~ T m 0 ) 


T -T ■ 
x s ^m.i 


— = exp 


f PLhu A 


c b 


( 1 ) 


Substituting numerical values, with P = 7tD, find the ratio, h b / C b , 

25-31.1 


= exp 


25-85 

h b /C b =72.77 m 


;rx0.005 mx2 m 
2 


<h b /c b y 


For the new operating condition (n), the flow rate is doubled, C n = 2Cb, and the convection coefficient 
scales according to the Dittus-Boelter relation, Eq. 8.60, 


h □ Re'p □ lit 

■> 0.8 


h n =2°' 8 h b and (h n /C n ) = 2 0 8 / 2 (h b / C b ) 
Using the rate equation for the new operating condition, find 


Ts T m 0 ) 
Ts ~T m j 


— = exp 


' PLh„^ 


C. 


= exp 


-PLx0.87l(h b /C b ) 


J 


25-T m>0 ) 


exp 


25-85 
VoL = 33.2°C 


-^:x0.005 mx2 mxO.871x72.77 m 


-2 


( 2 ) 


( 3 ) 



PROBLEM 8.77 


KNOWN: Flow rate and inlet temperature of air passing through a rectangular duct of prescribed 
dimensions and surface heat flux. 

FIND: Air and duct surface temperatures at outlet. 


SCHEMATIC: 




4mm 


ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform surface heat flux, (3) Constant properties, 
(4) Atmospheric pressure, (3) Fully developed conditions at duct exit, (6) Negligible KE, PE and flow 
work effects. 

PROPERTIES: Table A-4, Air (T m -300K, 1 atm): Cp = 1007 J/kg-K, p= 184.6 x 10 N-s/m , 
k = 0.0263 W/mK, Pr = 0.707. 

ANALYSIS: For this uniform heat flux condition, the heat rate is 
q = qs A s = q'[2(LxW)+2(LxH)] 


q = 600 W/m 2 [ 2 (lmx0.016m) + 2 (lmx 0.004m)J = 24 W. 

From an overall energy balance 

a 24 W 

T m o =T m i~— = 300K +---=379K. < 

’ mc p 3X10 -4 kg/sxl007 J/kg-K 


The surface temperature at the outlet may be determined from Newton’s law of cooling, where 


Ts,o - T m o + q /h. 


From Eqs. 8.67 and 8.1 


D h 


4 A P 4(0.016mx0.004m) 

=0.0064 m 

P 2 (0.016m + 0.004m) 


,-4 


3x10 kg/s (0.0064m) 


R e D _ P u m D h _ m D h __ 

^ A c(^ 64xl0 -6 m 2 (l84.6xl0 -7 N-s/m 2 ' 


= 1625. 


Hence the flow is laminar, and from Table 8.1 

h =—5.33 = Q - 0263 W/m K 5 , 33 = 22 W/m 2 K 


Dh 


l s,o 


:379 K + 


0.0064 m 
600 W/m 2 
22 W/m 2 K 


406 K. 


< 


COMMENTS: The calculations should be reperformed with properties evaluated at T m = 340 K. 
The change in T m o would be negligible, and T s o would decrease slightly. 



PROBLEM 8.78 


KNOWN: Flow rate and temperature of air entering a triangular duct of prescribed dimensions and 
surface temperature. 

FIND: Air outlet temperature. 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Uniform surface 
temperature, (4) Fully developed conditions throughout, (5) Air is at atmospheric pressure, (6) 
Negligible potential and kinetic energy and flow work effects. 

PROPERTIES: Table A-4, Air (assume T m ~ 325K, 1 atm): c p = 1008 J/kg-K, ji = 196.4 x 
10' 7 N s/m 2 , k = 0.0282 W/m-K, Pr = 0.707. 


ANALYSIS: From Eqs. 8.67 and 8.1 


Dh 


4A c _ 4 ( L73xl0_4m2 ) 

P 3 (0.02m) 


= 0.0115 m 


Reo = P u m D h _ m D h _ 


F 


A c (I 


4xl0 _4 kg/s(0.0115 m) 
1.73xl0 _4 m 2 1 196.4x 10 _7 N ■ s/m 2 


= 1354. 


Hence the flow is laminar and from Table 8.1, 


h =—2.47 = 0-0282 W/m ' K 2.47 =6.1 W/m 2 -K 


Dh 


0.0115 m 


From Eq. 8.42b it follows that, with P = 3 W, 
Tm,o = Ts _ (T s _ T m ,i) ex P 




m c 


v 


P 


T m , o = 100C 


-(l00°C-27°c)exp 


J 

f 3x0.02mx2mx6.1 W/m 2 K ^ 
4xl0 _4 kg/sxl008 J/kg-K 


T m ,o = 88°C. 

COMMENTS: Witli T m o = 88°C, T m = 330K and there is no need to re-evaluate the 
properties. 


< 



PROBLEM 8.79 


KNOWN: Temperature and velocity of gas flow between parallel plates of prescribed surface 
temperature and separation. Thickness and location of plate insert. 

FIND: Heat flux to the plates (a) without and (b) with the insert. 


SCHEMATIC: 


U-nj-SOmfs 

T m -1000K 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible radiation, (3) Gas has properties of 
atmospheric air, (4) Plates are of infinite width W, (5) Fully developed flow. 

PROPERTIES: Table A-4, Air (1 atm, T m = 1000K): p = 0.348 kg/m 3 , p = 424.4 x 10 2 kg/s-m, k 
= 0.0667 W/mK, Pr = 0.726. 


ANALYSIS: (a) Based upon the hydraulic diameter Dh, the Reynolds number is 
D h = 4A C /P =4(HW)/2(H+W) = 2H = 80 mm 

Re D - P u m D h _ °- 348 Wm 3 (60 m/s) 0.08 m ^ 


F 


424.4x10 kg/s-m 


Since the flow is fully developed and turbulent, use the Dittus-Boelter correlation, 


Nu d = 0.023 RePr 0 ' 3 = 0.023(39,360f /J (0.726) U ‘ J = 99.1 

k 0.0667 W/m-K 2 ^ 

h =- Nu d =-99.1 =82.6 W/m z K 


4/5 


x0.3 


Dh 


0.08 m 


q = h(T m -T s ) =82.6 W/m 2 K(1000-350)K =53,700 W/m 2 . 


(b) From continuity, 

rh = (p u m A) a =(p u m A) b 


u m) h = u m) a (P A ) a / (pA) h =60 m/s(40/20) = 120 m/s. 


For each of the resulting channels, Dh = 0.02 m and 

R e D - P u m D h _ 0-348 kg/m 3 (120 m/s) 0.02 m 6gQ 

424.4x 10 _7 kg/s- m 


F 

Since the flow is still turbulent, 

Nu d = 0.023(19,680) 4/5 (0.726) 0 ' 3 = 56.9 


56.9(0.0667 W/m-K) 9 

h =---- = 189.8 W/m z ■ K 


0.02 m 


q" =189.8 W/m 2 -K (1000-350)K =123,400 W/m 2 . 


COMMENTS: From the Dittus-Boelter equation, 

l>b / ha = 6 m,b / "m,.)° ' 8 (D h ,a /Dh.b f 2 = (2 ) 0 ' 8 (4) 0 ' 2 = 1.74 xl.32 = 2,30. 
Hence, heat transfer enhancement due to the insert is primarily a result of the increase in u m and 
secondarily a result of the decrease in Dh- 






PROBLEM 8.80 


KNOWN: Temperature, pressure and flow rate of air entering a rectangular duct of prescribed 
dimensions and surface temperature. 


FIND: Air outlet temperature and duct heat transfer rate. 


SCHEMATIC: 


777 = 0.1 kgjs 

T mi --Z&5K 

p = latm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Uniform surface 
temperature, (4) Fully developed flow throughout, (5) Negligible potential and kinetic energy and flow 
work effects. 

PROPERTIES: Table A-4, Air (assume T m ~ 325K, 1 atm): c p = 1008 J/kg-K, p = 196.4 x 10 
2 F 
N s/m , k = 0.0282 W/mK, Pr = 0.707. 


ANALYSIS: From Eqs. 8.67 and 8.1, 


D h = 
Re D 


4 A c _ 4x (0.15x 0.075) m" 

P “ 2(0.15+0.075) m 
_ P u m D h _ m D h _ 


= 0.10 m 

0.1 kg/s(0.1m) 


B A c(^ (0.15mx 0.075m)l96.4x 10 -7 N • s/irF 


: 45,260. 


Hence the flow is turbulent, and from Eq. 8.60 

4/5 n 0.4 0.0282 W/m K, 


-0.023 Reg J Pr 


0.023(45,260) 4/5 (0.707) u/t = 30 W/m z -K. 


0.4 


Dh LV 0.10 m 

From Eq. 8.42b, with P = 2(W + H), 

Tm,o = _ (Ts - ) exp 


f PL - A 

-h 


m c 


V 


P 


) 


T m 0 = 400 K - (400 - 285) K exp 


2(0.15m + 0.075m)2m(30W/m 2 k) 
0.1 kg/sx 1008 J/kg-K 


Vo = 312 K < 

and from Eq. 8.37 

q = lit c p ('Vo - Vi ) = 0.1 kg/sx 1008 J/kg ■ K (312 -285)K = 2724 W. < 

COMMENTS: (1) The calculations may be checked by determining q from Eqs. 8.44 and 8.45. We 
obtain AT/ :m = 101°C and q = 2724 W. 

(2)T m has been over-estimated. The calculations should be repeated with properties evaluated at 
T m = 299 K. 




PROBLEM 8.81 


KNOWN: Dimensions of semi-circular copper tubes in contact at plane surfaces. Thermal contact 
resistance. Tube flow conditions. 


FIND: (a) Heat rate per unit tube length, and (b) The effect on the heat rate when the fluids are ethylene 
glycol, the exchanger tube is fabricated from an aluminum alloy, or the exchanger tube thickness is 
increased. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Adiabatic outer surface, (4) 
Fully developed flow, (5) Negligible heat loss to surroundings. 


PROPERTIES: Table A.l , Copper (T » 300 K): k = 400 W/m-K; Table A.6 , Water (290 K): p = 1080 
x 10 6 N s/m 2 , k = 0.598 W/m-K, Pr = 7.56; (330 K): p = 489 x 10 6 N-s/m 2 , k = 0.65 W/m-K, Pr = 3.15; 
(given): p = 800 x 10' 6 kg/s-m, k = 0.625 W/m-K, Pr = 5.35. 


ANALYSIS: (a,b) Heat transfer from the hot to cold fluids is enhanced by conduction through the semi¬ 
circular portions of the tube walls. The walls may be approximated as straight fins with an insulated tip, 
and the thermal circuit is shown below. 


' SSSSSSSSSSSSSSSSSSSSSSSSSSSSS . 


T, 


c,m • 


b.c 


R 'f,c 

AWs 


. T, 


h,m 


c,m 


1 b,h 


R b 

I^VWS 


b.c 


1 b,h 


&777777777777tt777777777777m 


R 'cond= R 't,c^ r j f/k2r ; - 

Lv\aaJ tlk2rj 


' h,m 


R' 

conv " 
1 /h c 2rj 


Mh2r- 

h 1 


Note that, since each semi-circular surface is insulated on one side, surfaces may be combined to yield a 
single fin of thickness 2t with convection on both sides. Also, due to the equivalent geometry and the 
assumption of constant properties, there is symmetry on opposite sides of the contact resistance. From 
the thermal circuit, the heat rate is 


Th, 


m 


l c,m 


r; 


tot 


For flow through the semi-circular tube, 

Re D = P u m D h _ mD h _ 4mA c _ 4rh _ 


4m 


Re D 


li A c /i A C P ji P fi (2q +nr x )ii 
4x0.2kg/s 


( 1 ) 


( 2 ) 


(2 + ^)0.02mx800xl0 Kg/s-m 


■ 9725 


the flow is turbulent. Using the Colburn correlation, 

Nu D =0.023 Re^ /5 Pr 1/3 =0.023(9725 ) 4/5 (5.35) 1/3 =62.4 (3) 


Continued... 






PROBLEM 8.81 (Cont.) 


=-0.02 m = 0.0244 m 

x + 2 

h = Nu n — = 62.4 0-625 = 1600 w/m 2 ■ K . 

D h 0.0244 7 

Find now values for the thermal resistance of the circuit. 

Riony = 4- = 7 - -4 -= 0,0156m. K/W 

2r i h (0.04m)l600 W/ m 2 ■ K 

_^b_ 1 

•'fin — / ~ i/9 

Of (hP'kA'c ) u tanh (hP/kA c )L 
L = ^q/2 = ^(O.Olm) = 0.0314 m A c = 2t-lm = 0.006m 2 


4A C 4 hV 2 ) 
P {n + 2)q 


(4) 

(5) 

( 6 ) 

(7) 

P ~ 2.1 m (8,9,10) 


1/2 

(hP'kAc) 172 =(l600w/m 2 Kx2m/mx400W/m Kx0.006m 2 /s) =87.6W/K i 

1/2 

(hP/kA c ) 1/2 L = (l600w/m 2 ■ Kx2m/400W/m- Kx0.006m 2 ) " 0.0314m = 1.15 
R ^ m ~~ 87.6W/m-K(0.817) ~~°- 0140m ' K / W (1 

R - d - = ^ = 2 ( 400 Wr 3 KK 0 . 02 m) ^^xlO^m.K/W (L 

The equivalent resistance of the parallel circuit is 

/ 1 1 \ 1 1 o 


Hence 


R eq = ( R f in 1+R co 1 nv) = (71.4 W/m ■ K + 64.1 W/m ■ K) 1 =7.38x10 3 m K/W 
R tot = 2 ( R eq + R cond ) + R t,c 

R / tot = 2(7.38x10“ 3 +1.875x10“ 4 ) + 2.50x10“ 4 m-K/W = 0.0154m-K/W 


, (330- 290) K 

q = -4- L — = 2600 W/m. 

0.0154m K/W ' 


(c) Using the IHT Workspace with the foregoing equations, analyses were performed and the results 
summarized in the table below. The “Conditions” are described below; the “Change” is relative to the 
base case condition. 

Continued ... 




PROBLEM 8.81 (Cont.) 


R; onv xl0 4 Rfi n x 10 4 R'condXlO 4 R tot x 10 4 R^xlO 4 q Change 



(m-KAV) 

(m-KAV) 

(m-KAV) 

(m-KAV) 

(m-KAV) 

(W/m) 

(%) 

Base case 

156.8 

140.1 

1.88 

154.2 

73.96 

2594 

- 

Ethylene glycol 

1382 

923.1 

1.88 

1113.0 

553.5 

359 

-86.2 

Aluminum alloy 

156.8 

183.2 

4.24 

180.0 

84.49 

2223 

-14.3 

Thicker tube 

156.8 

130.6 

2.50 

150.0 

71.25 

2667 

+2.8 


Conditions: change from base case 

Base case - water, copper (k = 400 W/m-K), t = 3 mm 
Ethylene glycol - ethylene glycol instead of water 
Aluminum alloy - alloy (k = 177 W/m-K) instead of copper 
Thicker tube -1 = 4 mm instead of 3 mm 


As expected, using ethylene glycol as the working fluid would decrease the heat rate. Note that R^onv 

is the dominate resistance since the convection coefficient is considerably reduced compared to that with 
water. Using aluminum alloy, rather than copper, as the tube material reduces the heat rate by 14%. 
Conduction-convection (fin) in the tube wall is important as can be seen by examining the change in 
Rfin re l a ti ve to the base condition. Increasing the tube wall thickness for the copper tube exchanger 
from 3 to 4 mm had only a marginal positive effect on the heat rate. 

COMMENTS: A more accurate calculation would account for the absence of symmetry about the 
contact plane. Evaluation of water properties at T h , m = 330 K and T c m = 290 K yields h h = 2060 W/nr-K 
and h c = W/m 2 -K. 




PROBLEM 8.82 


KNOWN: Heat exchanger to warm blood from a storage temperature 10°C to 37° at 200 ml/min. 
Tubing has rectangular cross-section 6.4 mm x 1.6 mm sandwiched between plates maintained at 


40°C. 


FIND: (a) Length of tubing and (b) Assessment of assumptions to indicate whether analysis under- or 
over-estimates length. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic and potential energy changes, (3) 
Blood flow is fully developed, (4) Blood has properties of water, and (5) Negligible tube wall and 
contact resistance. 

PROPERTIES: Table A-6, Water (T m ~ 300 K): Cp f = 4179 J/kg-K, pf = 1/vf = 997 kg/nf*, Vf = 
Pfvf = 8.58 x 10 7 nT/s, k = 0.613 W/m-K, Pr = 5.83. 

ANALYSIS: (a) From an overall energy balance and the rate equation, 

q = m Cp (T mo - T m p) = hA s AT]jy[qq) (1) 


where 


at lmtd = 


AT!-AT 2 
In (AT] /AT 2 ) 


(40-15)-(40-37) 
In (2 5/3) 


10°C. 


To estimate h, find the Reynolds number for the rectangular tube, 


u m Dh 0.326 m/s xO.00256 m 
Kc q —-—-—— - —9/3 


V 


8.58xl0 _7 m 2 /s 


where 


Dp = 4A C /P =4(6.4 mmxl.6 mm)/2(6.4+1.6)mm =2.56 mm 


A c = (6.4 mmxl.6 mm) =1.024x10 3 m 2 

u m =m/pA c =V/A C =200 mf/60 s (l0 _6 m 3 /m/j/1.024xl0 _5 m 2 =0.326 m/s. 


Hence the flow is laminar, but assuming fully developed flow with an isothermal surface from Table 
8.1 with b/a = 6.4/1.6 = 4, 

.. hDp 4.4x0.613 W/m-K 2 

Nur, =—A = 4.4 h =-= 1054W/m -K. 

k 0.00256 m 


Continued 




PROBLEM 8.82 (Cont.) 

From Eq. (1) with 

A s = PL = 2(6.4 + 1.6)xl0 _3 m xL=1.6x10 _2 Lz 

m = pA c u m = 997 kg/m 3 x 1.024xlO -3 m 2 xO.326 m/s =3.328xl0 -3 kg/s 
the length of the rectangular tubing can be found as 

3.328x lO -3 kg/sX4179 J/kg ■ K (37 -15) K = 1054 W/m 2 ■ Kxl.6x 10' 2 Lm 2 x 10 K 


L=1.8m. < 

(b) Consider these comments with regard to whether the analysis under- or over-estimates the length, 

=> fully-developed flow - L/D^ = 1.8 m/0.00256 = 700; not likely to have any effect, 

=> negligible tube wall resistance - depends upon materials of construction; if plastic, analysis 
under predicts length, 

=> negligible thermal contact resistance between tube and heating plate - if present, analysis 
under predicts length. 



PROBLEM 8.83 


KNOWN: Coolant flowing through a rectangular channel (gallery) within the body of a mold. 
FIND: Convection coefficient when the coolant is process water or ethylene glycol. 

SCHEMATIC: 



ASSUMPTIONS: (1) Gallery can be approximated as a rectangular channel with a uniform surface 
temperature, (2) Fully developed flow conditions. 

PROPERTIES: Table A.6, Water (T m = (140 + 15)°C/2 = 350 K): p = 974 kg/m 3 , p = 365 x 10 6 


n s/m , V = p/p = 3.749 x 10 ' mVs, k = 0.668 W/m-K, Pr - 2.29; Table A.5, Ethylene glycol ( T m = 350 
K): p = 1079 kg/m 3 , v = 3.17 x 10 6 m 2 /s, k = 0.261 W/m-K, Pr = 34.6. 

ANALYSIS: The characteristic length of the channel, the hydraulic diameter, Eq. 8.67, is 

Dp = 4A C /P where A c is the cross-sectional flow area and P is the wetted perimeter. For our channel, 

4(axb) 4x0.090mx0.0095m 


Dh 


2(a + b) 2 (0.090 +0.0095 )m 


:0.0172m 


For the water coolant, from the continuity equation, find the Reynolds number to characterize the flow 

V 


1.3xl0“ 3 m 3 /s 


u m = 


A c 0.090mx0.0095m 


= 1.52 m/s 


Re Dh = -“sW = 1.52m/sx0 0172m = 

V 3.749xl0~ 7 m 2 /s 

Since the flow is turbulent, and assuming fully developed conditions, use the Dittus-Boelter correlation, 
Eq. 8.60, to estimate the convection coefficient, 

Nu D h = ^- = 0.023 Re^Pr 0 ' 4 = 0.023(69,736) 0 8 (2.29) 0 4 = 240 
k 


1 w 


0.668 W/m ■ K x 24Q = w / 2. K 


0.0172m 

Repeating the calculations using properties for the ethylene glycol coolant, find 


Reoh = 8,247 


NuDh = 128 


h eg =1957W/m z -K 


Continued... 



PROBLEM 8.83 (Cont.) 


COMMENTS: (1) The convection coefficient for the water coolant is more than 4 times greater than 
that with the ethylene glycol coolant. The corrosion protection afforded by the latter coolant greatly 
compromises the thermal performance of the gallery. In such situations, it is useful to explore a 
compromise between corrosion protection and thermal performance by using an aqueous solution of 
ethylene glycol (50%-50%, for example). 

(2) Recognize that for the ethylene glycol coolant calculation the Reynolds number is slightly below the 
lower limit of applicability of the Dittus-Boelter correlation. 



PROBLEM 8.84 


KNOWN: Dimensions, surface temperature and thermal conductivity of a cold plate. Velocity, inlet 
temperature, and properties of coolant. 


FIND: (a) Model for determining the heat rate q and outlet temperature, T mo , (b) Values of q and T„ 
for prescribed conditions. 


SCHEMATIC: 


HH"5 



h/2 


T 

H/2 


5 = 4mm, h = w = 6 mm 
H = 10 mm, W = 100 mm 
N= 10, S= WIN = 10 mm 
u m = 2 m/s, T mj = 300 K 
T s = 360 K 
k rn = 400 W/m-K 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible KE, PE and flow work changes, (3) 
Constant properties, (4) Symmetry about the midplane (horizontal) of the cold plate and the midplane 
(vertical) of each cooling channel, (5) Negligible heat transfer at sidewalls of cold plate, (6) One¬ 
dimensional conduction from outer surface of cold plate to base surface of channel and within the 
channel side walls, which act as extended surfaces. 


PROPERTIES: Water (prescribed): p = 984 kg/m 3 , c p = 4184 J/kg-K, p = 489 x 10 6 N-s/m 2 , k = 0.65 
W/m-K, Pr = 3.15. 


ANALYSIS: (a) The outlet temperature, T mj0 , may be determined from the energy balance prescribed by 
Eq. 8.46b, 


mi c p R tot J 

where hi, = pu m A c is the flowrate for a single channel and R tot is the total resistance to heat transfer 
between the cold plate surface and the coolant for a particular channel. This resistance may be 
determined from the symmetrical section shown schematically, which represents one-half of the cell 
associated with a full channel. With the number of channels (and cells) corresponding to N = W/S, there 
are 2N = 2(W/S) symmetrical sections, and the total resistance R, ot of a cell is one-half that of a 
symmetrical section. Hence, R tot = R ss /2, where the resistance of the symmetrical section includes the 
effect of conduction through the outer wall of the cold plate and convection from the inner surfaces. 
Hence, 

R _ (H-h)/2 1 

ss k C p (SW) TfohA, 


T -T 
x s 1 m,o 

T -T ■ 
x s 1 m,i 


: exp 


where A t = Af + Ab = 2(h/2 X W) + (w x W), h is the average convection coefficient for the channel 
flow, and T| 0 is the overall surface efficiency. 

7 7o=l-^ 1 ( 1 -*7f) 

A t 


Continued... 



PROBLEM 8.84 (Cont.) 


The efficiency % corresponds to that of a straight, rectangular fin with an adiabatic tip, Eq. 3.89, and L c = 
w/2. With D h = 4A C /P = 4w 2 /fw = w = 0.006m, Re D[ = pu m D h /p = 984 kg/m 3 X 2 m/s X 0.006 

m/489 x 10 6 N s/m 2 = 24.150 and the channel flow is turbulent. Assuming fully-developed flow 
throughout the channel, the Dittus-Boelter correlation, Eq. 8.60, may therefore be used to evaluate h . 
where 

Nu D ® Nu D>fd = 0.023 Re 475 Pr 04 
The total heat rate for the cold plate may be expressed as 

q = N qi = NrfqCp (T m o -T m i ) 

(b) For the prescribed conditions, 

mi = pu m A c = 984kg/m 3 (2m/s)(0.006 m)“ = 0.0708kg/s 
Nu D =0.023(24,150) 4/5 (3.15) 0 ' 4 =116.8 

h = 116.8 k/D h = 116.8 (0.65 W/m • K)/(0.006 m) = 12,650 w/m 2 • K 

A f = 2(h/2x W) = 2 (0.003 mx 0.1m) = 6xl0 _4 m 2 

A t = A f +A b = 6xl0 _4 m 2 + (0.006 mx 0.1m) = 1.2xl0 _3 m 2 
1/2 1/2 

With m = (hP f /k cp A cf ) “ =[h(25+2W)/k cp (5W)] ~ = [12,650 W/m 2 K(0.008 + 0.200)m/400 

W/mK(0.004 x 0.100)m 2 ] 1/2 = 128.2 m 1 . 

tanhm(h/2) tanh (128.2x0.003) 0.366 

t? f =—= —-- ~ = -= 0.952 

m(h/2) 128.2x0.003 0.385 

0 o =1-0.5 (1-0.952) = 0.976 

(0.010-0.006) m/2 1 

400W/m K(0.01 mx0.1m) 0.976 (l2650w/m 2 • K)l.2xl0“ 3 m 2 

R ss = (0.005 + 0.0675) K/W = 0.0725 K/W 

With R tot = R ss /2 = 0.0362 K/W, 

T -T ( 1 

A s A m,o A 

-= exp- 

T s -T mi ^ 0.0708 kg/sx 4184 j/kg-Kx 0.0362 K/W 

T m o = T s - 0.911 (T s - T m j ) = 360 K - 0.911 (360 - 300) K = 305.3 K < 

The total heat rate is 

q = NriijCp (T m o -T m i ) = lOx0.0708kg/sx4184 j/kg -K(305.3-300)K = 15,700 W < 
COMMENTS: The prescribed properties correspond to a value of T m which significantly exceeds that 
obtained from the foregoing solution (T m = 302.6 K). Hence, the calculations should be repeated using 
more appropriate thermophysical properties (see next problem). From Eq. 3.85, the effectiveness of the 
extended surface is 


= 0.911 

/ 


£ = R t,b/ R t,f = (hdW) V (hA f 77 f ) 1 = (A f r/ f /5W) = (6 


xlO 4 m 2 xO.954] 


I.004mx0.10m) = 1.43. 


Hence, the ribs are only marginally effective in enhancing heat transfer to the coolant. 



PROBLEM 8.85 

KNOWN: Geometry, surface temperature and thermal conductivity of a cold plate. Velocity and inlet 
temperature of coolant. 

FIND: Effect of channel width on total heat rate. 


SCHEMATIC: 

HH"5 



h/2 H/2 


5 = 4mm, h = 6 mm 
H = 10 mm, W= 100 mm 
u m = 2 m/s, T mj = 300 K 
T s = 360 K 
k rn = 400 W/m-K 

'•'H 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible KE, PE and flow work changes, (3) 
Constant properties, (4) Symmetry about midplane (horizontal) of the cold plate and the midplane 
(vertical) of each channel, (5) Negligible heat transfer at sidewalls of cold plate, (6) One-dimensional 
conduction from outer surface of cold plate to base surface of channel and within the channel side walls, 
which act as extended surfaces. 


PROPERTI E S: Water: Evaluated at T m using the Properties Too I pad of IHT. 

ANALYSIS: The model developed for the preceding problem was entered into the workspace of IHT, 
with the Dittus-Boelter equation and exponential relation accessed from the Correlations Toolpad and 
modified to account for the hydraulic diameter and the total resistance to heat transfer. Calculations were 
performed for 


Case 1: 

w = 96 mm, N = 1, 

S = W = 100 mm 

Case 2: 

w = 46 mm, N = 2, 

S = 50 mm 

Case 3: 

w = 21 mm, N = 4, 

S = 25 mm 

Case 4: 

w = 6 mm, N = 10, 

S = 10 mm 

Case 5: 

w = 1 mm, N = 20, 

S = 5 mm 


and the results are tabulated as follows. 


Case 

N 

D h (m) 

Re D 

h(w/m 2 k) 

T m , 0 (K) 

q (W) 

1 

1 

0.01129 

24,820 

8269 

300.7 

3164 

2 

2 

0.01062 

25,320 

8895 

302.3 

10,370 

3 

4 

0.00933 

22,340 

9142 

302.6 

10,960 

4 

10 

0.00600 

14,620 

10,070 

304.3 

12,940 

5 

20 

0.00171 

4761 

13,740 

317.2 

17,160 


It is clearly beneficial to increase the number of channels, with the total heat rate increasing by 
approximately a factor of 5 as N increases from 1 to 20. The heat rate may be increased further by 
increasing u m , and hence the flowrate per channel, although an upper limit would be associated with the 
pressure drop, which would increase with decreasing D h . Could additional heat transfer enhancement be 
achieved by altering the thickness 8 of the channel walls? 

COMMENTS: Note that results obtained for Case 4 differ from those of the preceding problem due to 
different fluid properties. In this case the properties were evaluated at the actual value of T m = 302.6 K, 
rather than at an assumed (significantly larger) value. 



PROBLEM 8.86 

KNOWN: Heat sink with 24 passages for air flow removes power dissipation from circuit board. 


FIND: Operating temperature of the board and pressure drop across the sink. 

SCHEMATIC: 


JCnsulation 



Ch annel t (24 total), 

6 / 777^7 x25mm J I— -ISO mm 

Circuit board, 50V\i dissipation, 
Air tfow• T m j=27°C, Q=0.06>0m^/s 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible kinetic and potential energy changes, 
(3) Negligible thermal resistance between the circuit boards and air passages, (4) Sink surface and 
board are isothermal at T s . 

PROPERTIES: Table A-4, Air (T ~ 310 K,1 atm): p = 1.1281 kg/m 3 , c p = 1008 J/kg-K, v = 

AO ' 

16.89 x 10' m /s, k = 0.0270 W/m-K, Pr = 0.706. 


ANALYSIS: The air outlet temperature follows from Eq. 8.43, 


T mo 
Ts _ T m j 


: exp 


' PLh ^ 


me. 


P 


The mass flow rate for the entire sink is 


m = pV =1.1281 kg/m 3 x0.060 m 3 /s = 6.77xl0 -2 kg/s 


and the Reynolds number for a rectangular passage is 

Re D = ihnDh 

V 

where =4A C /P =4(6 mmx25 mm)/2(6 + 25)mm =9.68 mm 


m/24 6.77xlO -2 kg/s/24 ^ ^ . 

u m = —— =-o--- 7—7 = 16.7 m/s 

P A c 1.1281 kg/nr 3 (6x25)xl0 _b m 2 


giving 


16.7 m/sx 9.68x10 3 m 
Re D =-2—j-= 9571. 

16.89xl0 _b m 2 /s 


Assume the flow is turbulent and fully developed and using the Dittus-Boelter correlation find 

Nu d = 0.023Re 4/5 Pr 0 ‘ 4 = 0.023(9571) 4/5 (0.706) 0 ' 4 = 30.6 

, Nu-k 30.6x0.027 W/m-K oc „ 2 „ 

h =-=-= 85.4 W/m-K. 

0.00968 m 


Continued 





PROBLEM 8.86 (Cont.) 


From an overall energy balance on the sink, 

q = m Cp (T mo - T m p) T m ,o = Tm,i + q/rii c p 

T m 0 = 27°C + 50 W/6.77xl0“ 2 kg/sx 1008 J/kg - K = 27.73°C 
Hence, the operating temperature of the circuit board for these conditions is 

2(6 +25)xl0 -3 mx0.150mx85.4 W/m 2 ■ K 
(6.77X10 -2 kg/s/24)xl008 J/kg- K 


T s -27.73 
T s-27 


= exp 


T s =30°C. < 

The pressure drop in the rectangular passage for the smooth surface condition follows from Eqs. 
8.22 and 8.20 


Ap = f 


P_^L l 

Dh 


where 

f = 0.31Re{^ 4 =0.316(9554)“ 1/4 =0.0320. 


1.1281 kg/m 3 (16.7 m/s) 2 ? 

Ap = 0.0320-----—x 0.150 m= 156 N/m . 

0.00968 m 


< 


COMMENTS: (1) The analysis has been simplified by assuming the channel is rectangular and all 
four sides experience heat transfer. Since the insulated surface is a small portion of the total passage 
surface area, the effect can’t be very large. 

3 

(2) The power required to move the air through the heat sink is P e iec = V Ap = 0.060 m /s x 156 
N/m 2 = 9.4 W. 



PROBLEM 8.87 

KNOWN: Channel formed between metallic blades dissipating heat by internal volumetric generation. 


FIND: (a) The heat removal rate per blade for the prescribed thermal conditions and (b) Time required 
to slow a train of mass 10 6 kg from 120 km/h to 50 km/h. 

SCHEMATIC: 



Blade, N = 2000, 

7 S = 600 °C, L = 70 mm 


dnlet conditions, 

T m i = 25 °C, u m = 50 m/s 




777 . 

ASSUMPTIONS: (1) Steady-state conditions for channel blades and air flow, (2) The blades form a 
channel of rectangular (a X b) cross-section and length L, (3) Negligible kinetic energy changes and axial 
conduction inside the channel, and (4) Fully developed flow conditions in the channel. 

PROPERTIES: Table A.4. Air (T m » 350 K, 1 atm): p = 0.995 kg/m 3 , c p = 1009 J/kg K, v = 20.92 x 
10 6 m 2 /s, k = 0.030 W/m-K, Pr = 0.700. 

ANALYSIS: (a) The heat removal rate by the air from a single channel (one blade) follows from an 
overall energy balance, 

q = mCp (T m 0 - T m p) 

where the outlet temperature can be determined from Eq. 8.42b, 

'iLs' 


(1) 


T -T 

x s 1 m,o 

T -T ■ 
x s 1 m,i 


: exp 


me. 


v 


( 2 ) 


J 


The hydraulic diameter, D h , flows from Eq. 8.67, 

4A r 4(axb) 4 (0.220x 0.004) m 2 

D h =-^- = -)-{ = -V-= 0.0079m 

P 2(a + b) 2 (0.220 +0.004) m 

Assuming T m = 350K , the Reynolds number is 

Re Dh = +1+L = 50 m/s x 0.0079m = , 8 JJ9 
V 20.92x10”° m 2 /s 

Using the Dittus-Boelter correlation, Eq. 8.60, 

Nu Dh = — L = 0.023 Re^ P r 0 ' 4 = 0.023 (18,779)°' 8 (0.700)°' 4 = 52.37 
k 


(3) 


(4) 


(5) 


Continued... 



PROBLEM 8.87 (Cont.) 


h = 0.030W / / m K xg2 37 = 199w / m 2 . K 
0.0079m ' 

Hence, the outlet temperature is 


600-T, 


m,o 


(600-25)° C 


= exp 


2 (0.220 + 0.004)mx0.070m / 9 

- - -199W/ m 2 K 

0.043 8 kg/s x 1009 J/kg ■ K 7 


T m<o =100.7°C 


where 

m = pA c u m = 0.995 kg/m 3 x (0.220 x 0.004) m 2 x 50 m/s = 0.0438 kg/s 
and the rate of heat removal per blade, from Eq. (1), is 

q = 0.0438kg/sx 1009 J/kg ■ K(l00.7 -25)° C = 3.346kW < 

(b) From an energy balance on the locomotive over an interval of time, At, the heat energy transferred to 
the air stream results in a change in kinetic energy of the train, 

-E ollt = AE = KEf - KEj (6) 

-(qxN)xAt = iM(v f 2 -V. 2 ) 

-3346W/bladex2000bladesxAt(s) = -^-xlO^kg 

At = 69s < 

COMMENTS: (1) For the channel, L/D h = 0.070 m/0.0079 m = 8.9 < 10 so that the assumption of fully 
developed conditions may not be satisfied. Recognize that the flow at the channel entrance may be 
highly turbulent because of the upstream fan swirl and ducting. 

(2) What benefits could be realized by increasing the heat transfer coefficient? Aside from increasing 
velocity, what design changes would you make to increase h? 

(3) Our assumption for T m = 350 K at which to evaluate properties is reasonable considering T m = 
(100.7+ 25)°C/2 = 335 K. 


f 50,000 ^ 2 
3600 


120,000 

3600 


A2 


2/2 
m /s 



PROBLEM 8.88 


KNOWN: Chip and cooling channel dimensions. Channel flowrate and inlet temperature. Chip 
temperature. 

FIND: Water outlet temperature and chip power. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible kinetic and potential energy changes for water, (2) Uniform channel 
surface temperature, (3) T m = 300 K, (4) Fully developed flow. 

PROPERTIES: Table A-6 , Water (T m = 300 K): c p = 4179 J/kg-K, p = 855 x 10" 6 kg/s-m, k = 
0.613 W/m-K, Pr = 583. 


ANALYSIS: Using the hydraulic diameter, find the Reynolds number, 
4(HxW) 2 (50x200) pm 2 


Dh 


2(H + W) 250 pm 


-10 ^ m/pm 


8x10 5 m 


R e D _ P u m D h _ tifiDh _ 

p 


10 -4 kg/s(8xl0 _J m 


A c(^ (50x200)10 12 m 2 855x10 6 kg/s-m 


= 936. 


Hence, the flow is laminar and, from Table 8.1, Nu D = 4.44, so that 

k 4.44(0.613 W/m-K) 9 

h =Nu d -=------ = 34,022 W/m 2 ■ K. 

Dh 8xl0 -5 m 

With P = 2(H + W) = 2(250 pm) 10 ^ m/pm = 5 xlO 4 m, Eq. 8.42b yields 


Ts T mo 350K T mo 


Ts T m j 


60 K 


• = exp 


f 


V 


PL 


mi c p 


3 


J 


= exp 


f 5xl0 -6 m 2 x 34,022 W/m 2 ■ K ^ 
10 -4 kg/sx4179 J/kg-K 


T m 0 = 350K - 60 K exp (-0.407) = 310 K. 
Hence, from Eq. 8.37, 


q = m c p (T m o -T mi ) = Nm lCp (T mo - ) = 50x10 4 kg/s(4179 J/kg - K) (20 K) = 418 W. < 

2 

COMMENTS: (1) The chip heat flux of 418 W/cm is extremely large and the method provides a 
very efficient means of heat removal from high power chips. However, clogging of the microchannels 

is a potential problem which could seriously compromise reliability. (2) L/Dh =125 and 0.05 RepjPr = 

272. Hence, fully developed conditions are not realized and h > 34,022. The actual power dissipation 
is therefore greater than 418 W. 




PROBLEM 8.89 


KNOWN: Chip and cooling channel dimensions. Channel flow rate and inlet temperature. 
Temperature of chip at base of channel. 

FIND: (a) Water outlet temperature and chip power, (b) Effect of channel width and pitch on power 
dissipation. 

SCHEMATIC: 


w 


— *~k > rV 



5/2 

T s = 350 K 

Silicon chip 
k ch = 140 W/m-K 
L = 10 mm 

(a) 



T s 

Silicon 


(b) 


ASSUMPTIONS: (1) Negligible flow work and kinetic and potential energy changes for water, (2) 
Flow may be approximated as fully developed and channel walls as isothermal for purposes of 
estimating the convection coefficient, (3) One-dimensional conduction along channel side walls, (4) 
Adiabatic condition at end of side walls, (5) Heat dissipation is exclusively through fluid flow in 
channels, (6) Constant properties. 

PROPERTIES: Table A-6, Water (T m = 300K): c p = 4179 J/kg-K, p = 855 x 10" 6 kg/s-m, k = 0.613 
W/m-K, Pr = 5.83. 

ANALYSIS: (a) The channel sidewalls act as fins, and a unit channel/sidewall combination is shown 
in schematic (a), where the total number of unit cells corresponds to N = L/S. With N = 50 and L = 

10 mm, S = 200 pm and 5=S-W=150 pm. Alternatively, the unit cell may be represented in terms 
of a single fin of thickness 8, as shown in schematic (b). The thermal resistance of the unit cell may 
be obtained from the expression for a fin array, Eq. (3.103), R t>0 = (j) 0 hA t ) \ where A t = Af + A^ = L 

(2 H + W) = 0.01m (4 x 10~ 4 + 0.5 x 10" 4 ) m = 4.5 x 10' 6 m 2 . With D h = 4 (H x W)/2 (H + W) = 4 (2 
-4 -4 -4 -5 

x 10 m x 0.5 x 10 m)/2 (2.5 x 10 m) = 8 x 10 m, the Reynolds number is Re^ = pu m Dh/p = rhj 

D h /A c p = 10" 4 kg/s x 8 x 10 5 m/(2 x 10" 4 m x 0.5 x 10~ 4 m) 855 x 10‘ 6 kg/s-m = 936. Hence, the flow 
is laminar, and assuming fully developed conditions throughout a channel with uniform surface 
temperature, Table 8.1 yields Nu d = 4.44. Hence, 


, k 0.613W/m-Kx4.44 2 ~ 

h = Nu d =---= 34,022 W/m-K 

D h 8xlO~ 5 m 

1 n 9 -4 1/9 _1 

With m = (2h/k ch <5) = (68,044 W/nT-K/140 W/m-K x 1.5 x 10 m) = 1800 m and mH = 0.36, 

the fin efficiency is 

tanh mH 0.345 _ 

7if =-=-= 0.958 

1 mH 0.36 

and the overall surface efficiency is 


r-6 


’?°= 1 “T L ( 1 -’?f) = 1 - 4 '° ><10 , (1~0.958) = 0.963 


At 


4.5x10' 


The thermal resistance of the unit cell is then 


Continued 




PROBLEM 8.89 (Cont.) 


R t,o =( 7 7o hA t) 1 =(0.963x34,022W/m 2 Kx4.5xl0 _6 m 2 ) ^^K/W 


The outlet temperature follows from Eq. (8.46b), 


Tm,o — T s (T s T m jjexp 


mc p R t , 0 


= 350K-(60K)x 


exp 


10 4 kg/sx4179J/kgKx6.78K/W 


: 307.8K 


The heat rate per channel is then 

q! = rfq c p (T m 0 -T m>i ) = 10“ 4 kg/sx4179 J/kg ■ K(17.8K) = 7.46 W 


and the chip power dissipation is 

q = Nq L = 50x7.46 W = 373 W < 

(b) The foregoing result indicates significant heat transfer from the channel side walls due to the large 
value of Tjf. If the pitch is reduced by a factor of 2 (S = 100 pm), we obtain 


S = 100pm, W = 50pm, <5 = 50pm, N = 100: q x = 7.04W, q = 704W < 

Hence, although there is a reduction in rjf due to the reduction in <5 (t)f = 0.89) and therefore a slight 
reduction in the value of qj, the effect is more than compensated by the increase in the number of 
channels. Additional benefit may be derived by further reducing the pitch to whatever minimum 
value of 8 is imposed by manufacturing or structural limitations. There would also be an advantage to 
increasing the channel hydraulic diameter and or flowrate, such that turbulent flow is achieved with a 
correspondingly larger value of h. 

COMMENTS: (1) Because electronic devices fail by contact with a polar fluid such as water, great 
care would have to be taken to hermetically seal the devices from the coolant channels. In lieu of 
water, a dielectric fluid could be used, thereby permitting contact between the fluid and the 
electronics. However, all such fluids, such as air, are less effective as coolants. (2) With L/Dn = 125 
and L/Dh)fd ~ 0.05 Rep Pr = 273, fully developed flow is not achieved and the value of h = hfd 
underestimates the actual value of h in the channel. The coefficient is also underestimated by using a 
Nusselt number that presumes heat transfer from all four (rather than three) surfaces of a channel. 



PROBLEM 8.90 


KNOWN: Chip and cooling channel dimensions. Channel flow rate and inlet temperature. 
Temperature of chip at base of channel. 

FIND: (a) Outlet temperature and chip power dissipation for dielectric liquid, (b) Outlet temperature 
and chip power dissipation for air. 

SCHEMATIC: 


w 


- ^ K S > |—1< 



5/2 


5 —I 


A.1 



ASSUMPTIONS: (1) Negligible flow work and kinetic and potential energy changes, (2) Flow may 
be approximated as fully developed and channel walls as isothermal for purposes of estimating the 
convection coefficient, (3) One-dimensional conduction along the channel side walls, (4) Adiabatic 
condition at end of side walls, (5) Heat dissipation is exclusively through fluid flow in channels, (6) 
Constant properties. 


PROPERTIES: Prescribed. Dielectric liquid: c p = 1050 J/kg-K, k = 0.065 W/m-K, /.i = 0.0012 
N-s/m 2 , Pr = 15. Air: c p = 1007 J/kg-K, k = 0.0263 W/m-K, fi = 185 x 10~ 7 N-s/m 2 , Pr = 0.707. 

ANALYSIS: (a) The channel side walls act as fins, and a unit channel/sidewall combination is 
shown in schematic (a), where 5 = S - W = 150 pm. Alternatively, the unit cell may be represented in 
terms of a single fin of thickness 8 , as shown in schematic (b). The thermal resistance of the unit cell 
may be obtained from the expression for a fin array, Eq. (3.103), R t 0 = ( q,, h A t ) \ where A t = Af + 
A b = L (2 H + W) = 4.5 x 10" 6 m 2 . With A c = H x W = 10' 8 m 2 and D h = 4 A C /2(H + W) = 8 x 10‘ 
5 m, the Reynolds number is Rep = pu m D b //t = riq D b /A c p = 667. Hence, the flow is laminar, and 
assuming fully developed conditions throughout a channel with uniform surface temperature, Table 

, k 0.065 W/m-Kx4.44 2 „ 

8.1 yields Nu^ = 4.44. Hence, h =-Nujy =---= 3608 W / m z ■ K 


Dh 


8x10 m 


i n 

With m = (2 h/k c h 5) = 586 m and mH = 0.117, the fin efficiency is 


Vf = 


tanhmH 0.1167 


= 0.995 


mH 0.117 

and the overall surface efficiency is 

. Af /. x . 4.0x10 
^7o=l--^( 1 - 7 7f) = 1 - 


-6 


At 


4.5 xlO -6 


(1-0.995) = 0.996. 


The thermal resistance of the unit cell is then 

Rt,o=OohA t r 1 =(o. 

The outlet temperature follows from Eq. (8.46b), 


996 x 3608 W / m 2 ■ K x 4.5 x 10~ 6 m 2 


r- 


61.9K/W 


T = T 
1 m,o A s 


( T s 


T m,i) ex P 


1 


3 


mi c p R t ,o 


= 350K 


Continued 




PROBLEM 8.90 (Cont.) 


(60K)exp 


1 


A 


10 - Kg/sxl050J/kg-Kx61.9K/W 


= 298.6K 


The heat rate per channel is then 

q! = riq c p (T m 0 -T ma ) = 10“ 4 kg /sx 1050 J /kg ■ Kx8.6 K = 0.899 W 

and the chip power dissipation is 

q = Nq! = 50x0.899 W = 45.0 W < 

(b) With rhj = 10 6 kg / s, Re D = mjD^ / A c n = 432 and the flow is laminar. Hence, with Nu^ = 4.44, 

, k XT 0.0263W/m-Kx4.44 2 

h =- Nu d =---= 1460W/m K 

D h 8xl0~ 5 m 

i n _i 

With m = (2 h/k c h<5) “ = 373 m and mH = 0.0746, the fin efficiency is 

tanhmH = 00744 
mH 0.0746 

and the overall surface efficiency is 

r-6 


tfo = l-~~(l~ J 7f ) = l~ 40Xl ° (1~0.998) = 0.998 

A t 4.5xl0“ b 


Hence, R t 0 =(77 0 hA t ) 1 = (o.998xl460W/m 2 ■ Kx4.5xl0 6 m 2 ) ! =153K/W 

The outlet temperature is then 

/ 

1 


Tm,o _ T s (T s T m j)exp 


(60K)exp 


A 


*1 c p R t ,o 


1 


350K 


A 


10 6 kg/sxl007J/kg Kxl53K/W 


= 349.9 K 


q! = rii! c p (T m 0 -T m?i ) = 10 6 kg/sxl007 J/kg ■ Kx59.9K = 0.060W 


q = Nq 1 =3.02W < 

COMMENTS: (1) For laminar flow in the channels, there is a clear advantage to using the dielectric 
liquid instead of air. (2) The prescribed channel geometry is by no means optimized, and the number 
of fins should be increased by reducing S. Also, channel dimensions and/or flow rates could be 
increased to achieve turbulent flow and hence much larger values of h. (3) With L/Dh =125 and 
L/Dhlfd ~ 0.05 Rep Pr = 500 for the dielectric liquid, fully developed flow is not achieved and its 
assumption yields a conservative (under) estimate of the convection coefficient. The coefficient is 
also underestimated by using a Nusselt number that presumes heat transfer from all four (rather than 
three) surfaces of a channel. 



PROBLEM 8.91 


KNOWN: Arrangement of chips and cooling channels for a substrate. Contact and conduction 
resistances. Coolant velocity and inlet temperature. 

FIND: (a) Coolant temperature rise, (b) Chip and substrate temperatures. 


SCHEMATIC: 



^cond< 
Rconv 


>T C 


IT S 


n 


9 I m 


ASSUMPTIONS: (1) Constant properties, (2) Fully-developed flow, (3) Negligible kinetic and 
potential energy changes, (4) Heat transfer exclusively to water, (5) Steady-state conditions. 

PROPERTIES: Water (given): p = 1000 kg/rn^, c p = 4180 J/kg-K, k = 0.610 W/m-K, Pr = 5.8, p = 
-6 

855 x 10 kg/s-m. 

ANALYSIS: (a) For a single flow channel, the overall energy balance yields 

q N t P 10x5 W o . 

T m ,o-Tm,i=-^ =- ± -=-----=0.48 C. < 

mc p P u nA c c p 1000 kg/rn (l m/s ) (0.005 m)“ 4180 J/kg ■ K 

From the thermal circuit, 


q = 


T -T 

A 0 Ill 


^t,c + ^cond + ^conv 
With D h = 4A C /P = 4(0.005 m)74(0.005 m) = 0.005 m, 
p u m D h 1000 kg/m 3 (l m/s)0.005 m 


R t c = Rp c /A s = (0.5x10“ 4 m 2 -KAVj/10(0.005 m) 2 =0.2 K/W. 
2. 


Re D - 




855x10 6 kg/s-m 


= 5848. 


With turbulent flow, the Dittus-Boelter correlation yields 


h=iL().023ReD 5 Pr a4 = 


R C onv =(hA s ) 1 =(5849 W/m 7 -Kx4x0.005 mx0.2m =0.043 K/W. 


v 


0.61 W/m-K ^ 
0.005 m 


[0.023(5848) 4/5 (5.8) 0 ' 4 =5849 W/m 2 -K 


-1 


Approximating T m as (T m j + T ni o )/2 = 25.24°C, 

T c = T m + q(R t c + R cond + R conv ) = 25.24°C + 50 W(0.2 +0.12 +0.043)K/W = 43.3°C. < 

Similarly, from the thermal circuits, 


T s = T m + qx R conv = 25.24°C + 50Wx0.043K/W = 27.4°C < 

COMMENTS: (1) Since the coolant temperature rise is less than 0.5°C, all chip temperatures will be 
within 0.5°C of each other. (2) The channel surface temperature may also be obtained from Eq. 8.42b, 
yielding the same result. 


PROBLEM 8.92 


KNOWN: Power dissipation of components on each side of a hollow core PCB. Dimensions of 
PCB. Inlet temperature and flow rate of air. 

FIND: Outlet air temperature and inlet and outlet surface temperatures for prescribed flow rates. 


SCHEMATIC: 


H 


L = W 


4 mm 

T 

0.3 m 
qs 




Ts,o 

q =40 W 

T Sl i 



T m j = 20°C, m = 0.002, 0.01 kg/s 


ASSUMPTIONS: (1) Steady flow, (2) Negligible flow work and potential and kinetic energy 
changes, (3) Channel may be approximated as infinite parallel plates, (4) Uniform surface heat flux, 
(5) Fully developed flow at exit, (6) Constant properties. 

PROPERTIES: Table A-4, Air (T m ®310K): p = 1.128 kg/m 3 , c p = 1007 J/kg-K, p = 189.3 x 10' 7 
N s/m 2 , k = 0.0270 W/m-K, Pr = 0.706. 


ANALYSIS: Performing an energy balance for a control surface about the hollow core, 2q = mc p 
( T m,o — T m j), in which case 


T = 
A m,o 


2q 


me, 


+ T m,i - 


80 W 


0.002 kg/sxl007 J/kg-K 


- + 20°C = 59.7°C 


The surface temperatures may be obtained from Newton’s law of cooling, q” = h (T s -T m ). Hence, 

with h —> oo at the entrance, where the thermal boundary layer thickness is zero, 

T ■ = T ■ = 20°C < 

1 s,i i m,i ^ 

With Rep = p u m Dh/p = m Dh/A c p, where = 2H = 0.008m and A c = H x W = 0.004m x 0.3m - 

0.0012m 2 , Re D = (0.002 kg/s x 0.008m)/(0.0012m 2 x 189.3 x 10 7 N s/m 2 ) = 704 and the flow is 

laminar. With a uniform surface heat flux, q” = q/(W X L) = 40 W/(0.3m)“ = 444 W/m”, Table 8.3 

yields Nup = 8.23. Hence, 

NuDk = 8.23xO.OZ7W/m.K = 2 


Dh 


0.008m 


T = T + ^g- = 59 7°c+ 444 W/m 

h 27.8 W/ m 1 ■ K 

If the flowrate is increased by a factor of 5, 


■ = 75.7°C 


l m,o 


2q 


me. 


+ T, 


80 W 


m,i 


0.01kg/sxl007 J/kg-K 


- + 20°C = 27.9°C 


< 


< 


The surface temperature at the inlet is unchanged, 


Continued 





PROBLEM 8.92 (Cont.) 


T s j = 20°C 


but with Rep = 3520, flow in the channel is now turbulent. Using Eq. (8.60) as a first approximation, 

f 0.027 W/m - K ^ 


h = 


f k ' 


D, 


0.023 Re^ 5 Pr 0 4 = 


) 




0.023(3520) 4/5 (0.706) u/t =46.4 W/m 7 -K 
2 


\0.4 


J 


q s 


T c r, = T m o + — = 27.9°C + 


0.008m 

444 W/m 


^s.o 


l m,o 


■ = 37.5°C 


46.4W/m z ■ K 


COMMENTS: (1) With L/D h = 37.5 and L/D h ) fd - 0.05 Re D Pr = 25 for the laminar flow, it is 
reasonable to assume fully developed conditions at the exit. The same may be said for the turbulent 
flow condition. (2) The temperature difference, T s - T m , increases from approximately 0 at the 
entrance to a maximum value associated with fully developed conditions. 



PROBLEM 8.93 


KNOWN: Printed-circuit board (PCB) with uniform temperature T s cooled by laminar, fully 
developed flow in a parallel-plate channel. The air flow with an inlet temperature of T m i is driven by 
a pressure difference, Ap. 

FIND: The average heat removal rate per unit area, qj! |w /m“ j, from the PCB. 

SCHEMATIC: 



a = 10 mm 


T 


m,o 


ASSUMPTIONS: (1) Laminar, fully developed flow, (2) Upper and lower walls of the channel are 
insulated and of infinite extent in the transverse direction, (3) PCB has uniform surface temperature, 
(4) Constant properties, (5) Negligible kinetic and potential energy changes and flow work. 

PROPERTIES: Table A-4, Air (T m = 293 K, 1 atm): p = 1.192 kg/m 3 , c p = 1007 J/kg-K, v = 1.531 
x 10' 5 m“/s, k = 0.0258 W/m-K, Pr = 0.709. 

ANALYSIS: The energy equations for determining the heat rate from one surface of the board are 
Eqs. 8.37 and 8.42b 

q = m Cp (T m?0 - Vi) = q s A s ( 1 ) 


T -T 

x s A m,o 

T -T ■ 
x s 1 m,i 


= exp 


' PLh A 


mc r 


( 2 ) 


where A s = Lw and P = 2(w + a) where w is the width in the transverse direction. For the fully 
developed flow condition, the velocity is estimated from the friction pressure drop relation, Eq. 8.22a, 


A P = f (p u m /2 )( L/D h) 


(3) 


where the hydraulic diameter for the channel cross section is 


4 A r 
D h = c 


4(w a) 
P 2(w + a) 


= 2a 


a « w 


The friction factor f from Table 8.1 for the cross section b/a = °o is 
fRe Dh =96 


(4) 


where the Reynolds number is 
Re Dh =u m D h /v 


Continued 
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PROBLEM 8.93 (Cont.) 

and the flow rate through one channel is 

m = pA c u m =p(wa)u m (6) 

For fully developed laminar flow from Table 8.1. 

N^ D =hD h /k = 7.54 (7) 


The above system of equations needs to be solved simultaneously for the unknowns: q, m, T m G , 
Rej)h, f, u m , h. Using IHT with w = 1 m, find these results: 

u m (m/s) Re Dh f h(W/m 2 -K) T m . 0 (°C) 4 ( w ) q" (W/m 2 ) 

6.0 7578 0.0127 9.9 20.9 66 442 

From Eq. (1), the average heat removal per unit area of the board is 


4s = 442 W/m 2 


< 


COMMENTS: (1) The thermophysical properties of the air are evaluated at the average mean 
temperature, T m = (T m ,i + Tm,o)/2. 

(2) The fully developed flow length, Xffl jt , for the channel follows from Eq. 8.23, 

x fd,t = D h x0.05Re Dh Pr 

Xfd.t = 2x0.010 mx0.05x7578x0.707 = 5.4 m 

Since L « xjy t , we conclude that the flow is not likely to be fully developed. 

(3) Recognize also that the Reynolds number is larger than the critical value indicating that 
appreciable turbulence could be present. Considering that L « Xfy t and Reoh > 2300, do you 
conclude that our estimate for the average heat flux is a conservative or an optimistic one? 



PROBLEM 8.94 


KNOWN: Inner and outer tube surface conditions for an annulus. 

FIND: (a) Velocity profile, (b) Temperature profile and expression for inner surface Nusselt number. 

SCHEMATIC: 








PROBLEM 8.94 (Cont.) 

Hence, from Eq. 8.48, which also applies for laminar flow, 


i d ( d 


r d r 


d r 


dT m k 
a dx 


Substituting the velocity distribution, with 


Ci = 

4(4 


'dp} 

v dx y 


C 2 = 


( r i/ r o) -1 

in (q /r Q ) 


( 2 ) 


1 d 

f d Ti 
r 

= Q 

dT m r 

r d r 

l dr ) 

a 

dx L 


!-( r/r o) + C 2 (r/r 0 ) 


r dJT = Q dT^ j 
dr a dx 

n Cl dT m 


r —- + C 2 *in — 
r n 


dr+C 3 


dr a dx 

and the temperature distribution is 


r 3 

r r 

( \ 

r r r 

9-2 +C 2 

L 0 

-In - 

l 2 % 4 JJ 


+ 


C 3 


T (r) = — ^SL 
v ’ a dx 


2 4 

r r 

— --r + C2 

4 nr„2 Z 


16 r. 


o 


7 r r 2 

—in — — 
4 % 4 


yj 


+ C3 fnr + C4 • 


(3) < 


From the requirement that qo = 0, it follows that d T/d r) =0. Hence, 

I'm 

Ci dT m 


a dx 


r o r o 


+c 2 


+23=0 

% 


C 3=- TT T ( C 2-!)- 

a dx 4 


(4) < 


From the condition that T(rp = T s j, it follows that 

"r. 2 r 4 

-T—h> + C2 


r T Q dT m 
c 4 = T s ,i - — 


a dx 


4 16 r. 


f 2 2 P 

r r r. 

l-in^—- L- 

4 % 4 


yj 


+ C 3 in\. 


(5) < 


From Eqs. 8.68 and 8.70, the inner surface Nusselt number is 
h i D h 0i D h 


Nuj = 


k k (T s ,i-T m ) 


where = 2(r 0 - rp. To obtain a workable form of Nup the mean temperature T m must be 

evaluated. This may be done by substituting Eqs. (1) and (3) into Eq. 8.27 and evaluating u m by 
substituting Eq. (1) into Eq. 8.8. Since the integrations are long and tedious, they are not provided. 

COMMENTS: From an energy balance performed for a differential control volume in the annular 

region, dT m /dx = 2i;q-7p c p u m (r 2 -r 2 J. 



PROBLEM 8.95 


KNOWN: Inlet temperature, pressure and flow rate of air. Annulus length and tube diameters. 
Pressure of saturated steam. 

FIND: Outlet temperature and pressure drop of air. Mass rate of steam condensation. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Outer surface of annulus is adiabatic, (3) Negligible potential 
energy, kinetic energy and flow work changes for air, (4) Fully developed flow throughout annulus, 
(5) Smooth annulus surfaces, (6) Constant properties. 

PROPERTIES: Table A-4, air (T m - 325K, p = 5 atm): p = 5 x p (1 atm) = 5.391 kg/m 3 , c p = 
1008 J/kg-K, p = 196.4 x 10 7 N s/m 2 , k = 0.0281 W/m-K, Pr = 0.703. Table A-6, sat. steam 
(p = 2.455 bars): T s = 400K, hf g = 2183 kJ/kg. 

ANALYSIS: With a uniform surface temperature, the air outlet temperature is 

f \ 

Tm.o = T s - (T s - T m j j exp 7 h 

mc n 

V p 

With A c = n ^D 2 - D 2 j/4 = 1.355xl0 _3 m 2 , D h = D 0 -Di = 0.015m and Re D = pu m D h /p 
= mD h / A c p = 16,900, the flow is turbulent and the Dittus-Boelter correlation yields 


( . \ 

h « h fd = - 0.023 Rep 5 Pr °' 4 = 

l D h J 

T m0 = 127°C - (l 10°C)exp 



The pressure drop is Ap = f y pu^ / 2D h j L, where, with u m = m / pA c = 0.03 kg / s / 

^5.391kg/m 3 xl.355xl0 3 m 2 j = 4.11m/s, and with Re D =16,900, Fig. 8.3 yields f ~ 0.026. Hence, 


Ap = 0.026 x 5.391 kg/m 


3 (4.11m/s ) 2 5m 


= 395N/nT =3.9x10 atm 


2x0.015m 


The rate of heat transfer to the air is 


q = m c p (T m 0 -T m j ) = 0.03 kg / s x 1008 J / kg • K (99.5°C ) = 3009 W 


and the rate of condensation is then 
q 3009W 


m c =-=-= 1.38x10 kg/s ^ 

h fg 2.183X10 6 J/kg 

COMMENTS: (l)With T m = (T m j +T m 0 )/2 = 340K, the initial estimate of 325K is too low and an 
iterative solution should be obtained, (2) For a steam flow rate of 0.01 kg/s, approximately 14% of the 


outflow would be in the form of saturated liquid, (3) With L/Dh = 333, the assumption of fully 
developed flow throughout the tube is excellent. 








PROBLEM 8.96 


KNOWN: Dimensions and surface thermal conditions for a concentric tube annulus. Water flow rate 
and inlet temperature. 


FIND: (a) Tube length required to achieve desired outlet temperature, (b) Inner tube surface 
temperature at outlet. 


SCHEMATIC: 


D 0 -0.05m 


Wafer _ 

7b -O.O^f-kgJs 

7^?/ =2>5 C 



T SJ (L) 


r„„.ss‘c 


-D, - O.OZSm 


ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform heat flux at inner surface, (3) Adiabatic 
outer surface, (4) Fully developed flow at exit, (5) Constant properties. 


x 


PROPERTIES: 7 able A-6, Water (T m = 328K): c p = 4183 J/kg-K; (T m;0 = 358K): p = 332 
10" 6 N s/m 2 , k = 0.673 W/m-K, Pr = 2.07. 

ANALYSIS: (a) From the overall energy balance, Eq. 8.37, 
q=qiL = mCp (T mo -T m pj 

T _mc p (V o -T m)i )_(0.04kg/s)4183J/kg-K(85-25)°C_ oci _ ^ 

1 j — — — z .j x xn. ^ 


0i 

(b) From Eqs. 8.1 and 8.5, 

P u m D h _ m D h 


Re D 


Re D = 


4000 W/m 
m ( D o- D i) 


4 m 


M- A c p (jj/ 4 ) (d 2 -D 2 )|1 ^( D o+Di)(i 
4x0.04 kg/s 


71 (0.075 m)332xl0 _6 kg/s-m 


= 2045. 


Hence the flow is laminar, and with D/D 0 = 0.5, it follows from Eq. 8.73 and Table 8.3 

Nui = Nuii = 6.24 

1 k 0.673 W/m-K 2 

h; =6.24-= 6.24-=168 W/m-K. 

D h 0.025 m 

From Eq. 8.68, 

T (L)—T + —-T 1 
^,1 l 1 -/ _ ^,0 ^ _ mpo ^ , 

hi hj 


T s ,i(L) = 85°C + 


4000 W/m 


7t (0.025m) 168 W/m 2 -K 


- = 388°C. 


COMMENTS: Unless the water is pressurized, local boiling would occur at the tube surface, causing 
hi to be larger. 




PROBLEM 8.97 


KNOWN: Heat rate per unit length at the inner surface of an annular recuperator of prescribed 
dimensions. Flow rate and inlet temperature of air passing through annular region. 

FIND: (a) Temperature of air leaving the recuperator, (b) Inner pipe temperature at inlet and outlet 
and outer pipe temperature at inlet. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Uniform heating of 
recuperator inner surface, (4) Adiabatic outer surface, (5) Negligible kin etic and potential energy 
changes for air, (6) Fully developed air flow throughout. 

PROPERTIES: Table A-4, Air (T m =500K): c p = 1030 J/kg-K, p = 270 x 10" ? N s/m 2 , k = 
0.041 W/m-K, Pr = 0.68. 


ANALYSIS: (a) From an energy balance on the air 
0i L = hi a Cp a ( T a 2 _ Ta, 1) 

T a 2 = T a i H—— = 3QQK + ^*i0 5 W/mx7m = 

’ ’ m a c p a 2.1 kg/sX1030 J/kg-K 

(b) The surface temperatures may be evaluated from Eqs. 8.68 and 8.69 with 


p u m D h _ m a (D 0 -Di) 


P (ji/ 4) D 2 -D 2 p ^( D o+Di)p 7l (4.05m) 270xl0 -7 N-s/m" 


Re D 


Re D = 24,452 

the flow is turbulent and from Eq. 8.60 


4 rin 


4(2.1 kg/s) 


hi « h G « —0.023 Re 475 Pr 0 ' 4 = Q - 041 W/m K 0,023 (24,452) 475 (0.68) 0,4 = 52 W/m 2 ■ K. 

u 0.05 m 

With q- =q- /k Dj =1.25xl0 5 W/m/7t x2m = 19,900 W/m 2 


Eq. 8.68 gives 

(T s ,i -T m ) =qf/hi =19,900 W/m 2 /52 W/m 2 -K =383K 

T S , U =683K T sp2 =1087K. < 

From Eq. 8.69, with qo = 0, (T s o - T m j = 0. Hence 


T s ,o,l — T a 1 — 300K. 


< 



PROBLEM 8.98 


KNOWN: A concentric tube arrangement for removing heat generated from a biochemical reaction 
in a settling tank. Water is supplied to the annular region at rate of 0.2 kg/s. 

FIND: (a) The inlet temperature of the supply water that will provide for an average tank surface 
temperature of 37°C; assume and then justify fully developed flow and thermal conditions; and (b) 
Sketch the water and surface temperatures along the flow direction for two cases: the fully developed 
conditions of part (a), and when entrance effects are important. Comment on the features of the 
temperature distributions, with particular attention to the longitudinal gradient on the tank surface. 
What change to the system or operating conditions would you make to reduce the gradient? 

SCHEMATIC: 



1 - > x L = 1 m 


ASSUMPTIONS: (1) Fully developed flow and thermal conditions, (2) Inner annulus surface has 
uniform heat flux, while outer surface is insulated, (3) Constant properties, (4) Negligible kinetic and 
potential energy changes and flow work. 

PROPERTIES: Table A-6, Water (T m = 304 K): p = 995.6 kg/m 3 , c p = 4178 J/kg-K, v = 7.987 x 
10' 7 m 2 /s, k = 0.618 W/m-K, Pr = 5.39. 

ANALYSIS: (a) The overall energy balance on the fluid passing through the concentric tube is 


q — m Cp (T 1TV T m o ) (1) 

and from an energy balance on the reaction tank, 

q = q s ,i ■ A s ,i = q(^rDj )L. (2) 

The convection rate equation applied to the inner surface A s j is 

Ocv = Osq = ^i (T s — T m ) (3) 

where T s is the average inner surface temperature and 

^m = (Tm.i + Tm,o ) 1 2. (4) 

To estimate h, begin by characterizing the flow with 

R e Dh = u m Dh /P ^ = D 0 — Dj m = pA c u m 


where A c = 7T j / 4. Substituting numerical values find 

Re Dh = 1779 

Assuming fully developed conditions for laminar flow through an annulus, it follows from Table 8.3 
and Eq. 8.73 with Di/D 0 = 0.8, 

Nuj =hjD h /k = 5.58 hi=172W/m 2 K 

Continued. 








PROBLEM 8.98 (Cont.) 


Using Eq. (3) with hj, and T s =37°C, and q^j fromEq. (2), find 
T m =30.5°C 

From Eqs. (1) and (4), calculate 

Tm.i = 30.3°C T m 0 = 30.6°C < 

For this annulus, the thermal entry length from Eq. 8.23 is 
x fd,t =D h x0.05 Re Dh Pr 

Xfd t = (0.100-0.080)mx0.05xl779x5.39 = 9.59 m 

Since L = 1 m, we conclude that entry length effects are significant, and the fully developed flow 
assumption is approximate. 

(b) Since the fluid is being heated by flow over a surface with uniform heat flux, the mean fluid 
temperature, T m (x), will increase linearly with longitudinal distance x. Assuming fully developed 
conditions, the surface temperature T s (x) will likewise increase linearly with distance as shown in the 
schematic below. Note that the longitudinal temperature difference is about 0.3°C, and that the inlet 
mean temperature is 30.3°C. 

Considering now entrance length effects, the convection coefficient is no longer uniform, and will be 
largest near the entrance, and larger than for the fully developed flow everywhere. Hence, we expect 
the surface temperature near the entrance to be closer to the mean fluid temperature than elsewhere. 
We also expect the average mean temperature of the fluid will be higher so that the average surface 
temperature, T s , remains at 37°C. However, the rise in temperature of the fluid (T m 0 - T m j) will 
remain the same, about 0.3°C, since the heat removal rate is the same. Increasing the flow rate will 
tend to minimize the longitudinal gradient by reducing (T m o - T m j) and increasing h(x). The graph 
below illustrates the distinctive features of the fully developed flow and entrance length effects. 




COMMENTS: The thermophysical properties required in the convection correlation and the energy 
equations were evaluated at Tm = (T mj + T m o )/2. 













PROBLEM 8.99 


KNOWN: Surface thermal conditions and diameters associated with a concentric tube annulus. 
Water flow rate and inlet temperature. 

FIND: (a) Length required to achieve desired outlet temperature, (b) Heat flux from inner tube at 
outlet. 

SCHEMATIC: 

Wafer^ ) 

737 = 0.02 kg/s 

T ,*ZO°C 

A 



ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed conditions throughout, (3) 
Adiabatic outer surface, (4) Uniform temperature at in ner surface, (5) Constant properties. 

s' q 

PROPERTIES: Table A-6, Water (T m =320K): c p = 4180 J/kg-K, (i = 577 x 10" N s/m , k 
= 0.640 W/mK, Pr = 3.77. 


ANALYSIS: (a) From Eq. 8.42a 

m c n AT„ m c 


L = 


Ph 


•p to W-. 


AT ; 


P in Ts Tm ’° 


7t Djh T s T m i 


With Re D = P“mDh _ ^(Do-Di) _ 


4m 


Re D = 


V (tt/ 4) (D^-D^q 7t(D 0 +Di)q 

4x0.02 kg/s 


7t (0.125m)577xl0 6 N s/m 


= 353 


the flow is laminar. Hence, from Eq. 8.70 and Table 8.2, 

k 0.64 W/m K 2 

h = h; =-Nu; =----7.37 = 63 W/m z K 

1 D h 1 (0.100-0.025) m 


and 


L _ 0.02kg/s(4180J/kgK) , [i (100-75)°C _ in ^ m 


n (0.025m)63 W/m z K (100-20)°C 
(b) From Eq. 8.69 

qi(L) = h i (T s , i -T m>o )=63-^(100-75)°C=1575W/m 2 . 

m z .K 

COMMENTS: The total heat rate to the water is 

q = m c p (T m o -T m j ) = 0.02 kg/s x4180 J/kg- k(55°c) = 4598 W. 



PROBLEM 8.100 


KNOWN: Surface thermal conditions and diameters associated with a concentric tube annulus. 
Water flow rate and inlet temperature. 

FIND: Length required to achieve desired outlet temperature. 

SCHEMATIC: 

/✓V' „ 

$0=1 

C ^y\/afeF^ > 

m= 0.30 kg/s 

r nr 2o°c 

A- 



ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed conditions throughout, (3) 
Adiabatic outer surface, (4) Uniform temperature at inner surface, (5) Constant properties. 

S' A 

PROPERTIES: Table A-6 , Water (T m = 320K): c p = 4180 J/kg-K, |i = 577 x 10"' N s/m , k 
= 0.640 W/mK, Pr = 3.77. 


ANALYSIS: From Eq. 8.42a, 

m Cr, AT„ m c 


With 


L = 




Ph 


ATi 


L/n Ts Tm ’° 


7t Djh T s T m i 


RcD = P u mDh _ ^ (Do-Dj) _ 


4m 


Re D 


M- (ji/ 4) (D 2 -D 2 )q ^(D 0 +Di)^t 

4x0.30 kg/s 


Tl (0.125m)577xlO _6 N s/m 2 
and the flow is turbulent. Hence, from Eq. 8.60, 


5296 


h = — Nu d = 0.023 —Re 475 Pr 0 ' 4 

D h D h 


"D 


h = 0.023 °' 64Q W/m ' K (5296) 4/5 (3.77) 0 ' 4 =318 W/m 2 ■ K 
0.075 m 


and hence the required length is 


0.30 kg/s(4180 J/kg-K) , n (100-75)° C _ „ ^ m 
% (0.025m) 318 W/m 2 -K (100-20)°C 


COMMENTS: Increasing m by a factor of 15 increases Rep accordingly, and the flow is 
turbulent. However, h increases by a factor of only 5, from the result of Problem 8.99, in which 
case the tube length must be a factor of 3 larger than that of Problem 8.99. 



PROBLEM 8.101 


KNOWN: Dimensions and thermal conductivity of plastic pipe. Volumetric flow rate and 
temperature of inlet air. Enhancement of inner convection coefficient and friction factor associated 
with coiled spring. Thermal resistance of coating on outer surface. 

FIND: (a) Air outlet temperature and fan power requirement without coating and coiled spring, (b) 
Effect of coiled spring on air outlet temperature and fan power, (c) Effect of coating on outlet 
temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Negligible heat transfer from air in vertical pipe sections, (3) 
Negligible flow work and potential and kinetic energy changes for air flow through pipe, (4) Smooth 
interior surface without spring, (5) Negligible coating thickness, (6) Constant properties. 

PROPERTIES: Table A-4, Air (T m>i = 29°C): p; = 1.155 kg/m 3 . Air (T m - 25°C): c p = 1007 
J/kg-K, jd = 183.6 x 10‘ 7 N s/m 2 , k a = 0.0261 W/m-K, Pr - 0.707. 


ANALYSIS: (a) FromEq. (8.46a), 

: CXp 


T -T 

A oo 1 m,o 

T -T ■ 

x oo ^m,! 


' uaP 


me. 


where, from Eq. (3.32), 
x-1 


(UAj 


R 


1 


tot _ r 


ln(D 0 /Di) 


hprDjL 2?rLk 


- + 


+ - 


h 0 7i D 0 L 


With m = pjVj = 0.0289 kg / s and Re D = 4m In 'D l /i = 13,350, the pipe flow is turbulent. With L/Dj = 
100, we may assume fully developed flow throughout the pipe, and from Eq. (8.60), 

— ka 4 /s m 0.0261W/m-K , . 4 /s , ,0 3 ? 

=—0.023 Re^ 3 Pr'^ =-0.023(13,350) (0.707) J = 7.20 W/m z • K 

Dj 0.15m 


Hence, 


R 


tot 


1 


1 


ln(0.17 / 0.15) 

-1-1- 

7.20x^x0.15x15 2^x15x0.15 1500x^x0.17x15 


5 


J 


K 

W 


R tot = (0.0196+ 0.0089+ 0.0001) K/W =0.0286K/W 

Hence, UA S = R7/' =35.0W/K and 


T m,o = T oo+( T m,i- T °o) ex P 


r UA C A 


-P ) 


= 17°C + (l2°C)exp 


35.0 W /K 


5 


= 20.6°C < 


0.0289kg/sxl007 J/kg-K 

Continued 




PROBLEM 8.101 (Cont.) 


FromEq. (8.20a), f = 0.316 Re D 1/4 =0.0294. Hence, fromEqs. (8.22a) and (8.22b), with u m i 
= Vj / A c = 1.415m/s. 


P«f- 


piU 


m,i 


2Dj 


LVj =0.0294 


1.155kg/m 3 (l.415m/s)^ 
2(0.15m) 


15m x 0.025 nr / s = 0.085 W 


2 

(b) With h cp = 2hj = 14.4 W/m K, the inner convection resistance is reduced from 0.0196 K/W to 
0.0098 K/W and hence the total resistance from 0.0286 K/W to 0.0188 K/W. It follows that 
UA S = 53.2W/K and 


T m , 0 =18.9°C < 

With f cp = 1.5f, 

P = 0.128W < 

(c) With the coating of organic matter, there is an additional thermal resistance of the form R t c = 

Rj c / (n D 0 L) = |o.05 m 2 • K / W j/ x0.17mx 15m) = 0.0062K / W. The total resistance is then R tot = 

0.0348 K/W and UA S = 28.7 W / K. Hence, 


T m , 0 =21.5°C < 

COMMENTS: (1) The fan power requirement is small, and the process is economical, with or 
without the coiled spring. (2) Heat transfer enhancement associated with the coiled spring is 
manifested by a 34% reduction in the total thermal resistance and a 1.7°C reduction in the outlet 
temperature. (3) Fouling of the outer surface increases the total resistance by 22% and the outlet 
temperature by 0.9°C. The penalty is not severe but could be ameliorated by periodic cleaning of the 
surface. 



PROBLEM 8.102 


KNOWN: Air flow through a plastic tube in which evaporation occurs. 

FIND: Convection mass transfer coefficient, h m . 

SCHEMATIC: 

~D=2 mm, T= 400/C 

, _ H////////7T? 

'Air, B, 

__ 

C A s, uniform over length 


r&=2. mm, 7~= 400K 

t2ZZZdZZZS£222 ZZ2ZLc7 If /'7f A _^— Plastic vapor-solid 

interface (A) 


Ke D =1000 
T= 400K 


\/) I})}))})))))///)})///// /k 


ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Heat-mass transfer 
analogy applicable, (4) Fully-developed flow and mass transfer conditions. 

PROPERTIES: Plastic-air (given, 400K): Sc = v/Dab = 2.0; Table A-4, Air (400K, 1 atm): v 
= 26.41 x 10" 6 m 2 /s. 

ANALYSIS: For fully-developed flow and thermal conditions with laminar flow and a uniform 
surface temperature, 

Nu d = — =3.66 
k 

This situation is analogous to the evaporation of plastic vapor into the air stream with the inner 
surface remaining at a constant concentration of plastic vapor, Ca,s> along the length of the tube. 
Invoking the heat-mass transfer analogy, 

Sh D = ^ = 3.66. 

Dab 


Recognizing that Sc = v/D ,\b. 


h m = 3.66 


^ v ) 1 


vScy 


D 


3.66x 


26.4xl0 _6 m 2 / s 


2.0 


-x- 


1 


2xlO _J m 


: 2.42 xl0 -z m/s. 


COMMENTS: (1) The heat-mass transfer analogy requires that the vapor (A) have a negligible 
effect on the flow. Hence, the flow is that of air (B) and v = vg- 


(2) Only the mixture property Dab is required to characterize the plastic vapor for this evaporation 
process. 




PROBLEM 8.103 


KNOWN: Air passing upward through a tube having a thin water film on its inside surface. 
FIND: Convection mass transfer coefficient. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Heat-mass analogy 
applicable, and (4) Fully developed flow and thermal conditions. 

PROPERTIES: Table A.4, Air (300 K, 1 atm): p = 184.6 x 10~ 7 N s/m 2 , k = 0.0263 W/m-K; Table A.8, 
Water vapor-air (300 K, latm): D A b = 0.26 x 10 4 m 2 /s. 


ANALYSIS: Begin by characterizing the air flow with the Reynolds number, 


Re D = 


4m 

xD/J 


4x(3/3600)kg/s 

;rx0.030mxl84.6xl0~ 7 N/s-m 2 


= 1916 


Since the flow is laminar, and assuming fully developed flow and thermal conditions, Eq. 8.55 is 
appropriate for the uniform T s wall condition, 


Nu d =^ = 3.66 


0.030m 

Invoking the heat-mass analogy, for laminar flow conditions, 


h = 0.0263 W/m• K x3 66 _ 3 21w/m 2 . K 


Sh D 


_ h m D 

d ab 
d ab 


Nu d 


‘m 


D 


Nu D 


0.26 xlO -4 m 2 /s 
0.030m 


x3.66 =0.0032 m/s 


< 


COMMENTS: (1) The heat-mass analogy requires that the water vapor (A) have negligible effect on 
the velocity boundary layer. It is important to recognize that the vapor is species (A) and the air species 
(B). Hence the flow is that of air (B) and hence u = p B . 

(2) Note only the mixture property D A b is required to characterize the water vapor for this evaporation 
process. 




PROBLEM 8.104 


KNOWN: Temperature and flow rate of air in a tube with a naphthalene coated inner surface. 

FIND: Convection mass transfer coefficient under fully developed conditions and velocity and 
concentration entry lengths. 



ASSUMPTIONS: (1) Heat and mass transfer analogy is applicable, (2) Uniform vapor 
concentration along inner surface. 

PROPERTIES: Table A-4, Air (300K, 1 atm): (I = 184.6 x 10~ 7 N-s/m 2 , v = 15.89 x 10" 6 
2 6 2 
nf/s; Table A-8, Naphthalene-air (300K, 1 atm): Dab = 6.2 x 10 1 m /s, Sc = p/D ; \e = 2.56. 


ANALYSIS: For air flow through the tube, 

4m 4x0.04 kg/s 


Re D 


n D fl 7t (0.05m) 184.6xlO _7 N-s/m 


■55,178. 


Hence the flow is turbulent and from the Colburn equation, Eq. 8.59, 


Sh D =0.023 Rejf Sc 1/3 = 0.023(55,178) 475 (2.56) 1/3 =196 

i D An 6.2xl0 -6 m 2 /s,_, . 

h m = —^-Sh D =-196 = 0.024 m/s. 

D 0.05 m 


From Eq. 8.4, it follows that 

10D < x fd h » x fd c < 60D 
or 

0.5 m < x fddl ~ x fd c < 3 m. 


< 


< 


An entry length of 0.5m is assumed. 

COMMENTS: Note that the flow properties are taken to be those of the air, with the contribution 
of the naphthalene vapor assumed to be negligible. 



PROBLEM 8.105 


KNOWN: Air flow over roughened section of tube constructed from naphthalene. 

FIND: Mass and heat transfer convection coefficients associated with the roughened section; 
contrast these results with those for a smooth section. 


SCHEMATIC: 


*75mm 


ton 4 , 

— 

Re^Z5,000 
300K , latm 


ci 


|Q 

Q_J 

ph A =0.01kgl3h , 

i_ ) 


■ Roughened naphthalene 
section (A) 


ASSUMPTIONS: (1) Steady-state conditions, (2) Heat-mass transfer analogy applicable, (3) 
Negligible naphthalene vapor in airstream, p A,m = 0* (4) Constant properties, (5) Naphthalene vapor 
behaves as perfect gas. 

PROPERTIES: Table A-4, Air (300K, 1 atm): v = 15.89 x 10" 6 m 2 /s, k = 0.0263 W/m-K, Pr = 

-5 2 

0.707; Table A-8, Naphthalene-air mixture (300K, 1 atm): D,\b = 0.62 x 10 m /s, Sc= vb/D/\B - 

-4 

2.563; Naphthalene (given, 300K): p sa t,A= 1-31 x 10 bar, M\ = 128.16 kg/kmol. 

ANALYSIS: Using the rate equation with the experimentally observed sublimination rate of 
naphthalene vapor, the average mass transfer coefficient for the section is 

V = ^A DL) (pA,s~PA,m) 

PA,m = 0 PA,s = PA,sat(300K) = Psat,A /^T 

p As =128.16kg/kmolx- 1 .3lx 10 bar - he.mxVT* kg/m 3 

8.314x10 2 m 3 bar/kmol-Kx300K 

= OOlOkg/^xo 075 mx0.150m) (o^lxlO^-o) kg/m 3 = 3.89xl0 _2 m/s. < 

3x3600 s v ’ V > 


Invoking the heat-mass transfer analogy, the associated heat transfer coefficient is 


h =h 


m 


Dab 


Pr ^ 
Sc y 


1/3 


oon ,n-2 , 0.0263 W/m-K 
3.89x10 z m/s- 


0.62xl0 _5 m 2 /s 


0.707 

2.563 


\l/3 


H07 W/m z K. 


The corresponding convection coefficients for a smooth section can be estimated using the Colburn 
relation, 


h = 


—0.023 Re 
D 


4/5 

D 


Pr 


1/3 


(0.0263 W/m • K/0.075 m)x0.023 (35,000) 4/5 (0.707) 1/3 = 31 W/m 2 K. < 


Invoking the heat-mass transfer analogy, 

h m =(Dab /D)0.023 ReJfSc 173 =(o.62xlO“ 5 m 2 /s/0.075 m) xO.023(35,000) 4/5 (2.563) 1/3 

-2 

h m = 1.12 x 10 m/s 


COMMENTS: The effect of roughening is to increase the convection coefficients over the 
corresponding value for the smooth condition; in this case, by a factor of approximately 3.5. 


< 





PROBLEM 8.106 


KNOWN: Dry air with prescribed velocity and temperature flowing over a thin-walled tube with a 
water-saturated fibrous coating. Water passes at a prescribed rate through the tube to maintain an 
approximately uniform surface temperature T s = 27°C. 

FIND: (a) Heat rate from the external surface of the tube considering heat and mass transfer processes 
and (b) For a flow rate of hi = 0.025 kg/s, the inlet temperature, T mi , of the water that must be supplied 
to the tube. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Heat-mass analogy 
applicable, and (4) Negligible kinetic energy and axial conduction in the tube flow. 

PROPERTIES: Table A.4 , Air (T f = (T s + TJ/2 = 304 K): p = 1.148 kg/m 3 , c p = 1007 J/kg-K, v = 
16.29 x 10 6 m 2 /s, k = 0.0266 W/m-K, a = 23.09 X 10 6 m 2 /s, Pr = 0.706; Table A.6, Water (T s = 300 K): 
p A ,s - l/v g = 0.02556 kg/m 3 , h fg = 2438 kJ/kg, p = 855 x 10 6 N-s/m 2 ; Table A.6, Water (T m = 305 K): p 
= 995 kg/m 3 , c p = 4178 J/kg-K, p = 769 x 10 6 N-s/m 2 , k = 0.620 W/m-K, Pr = 5.20; Table A.8, Water 
vapor-air (T s = 300 K): D AB = 0.26 x 10 4 m 2 /s. 

ANALYSIS: (a) On the Schematic above, the surface energy balance yields 

Oout = Oconv + Oevap (1) 

and substituting the rate equations, 

Oconv = h 0 As (^s — ^°° ) Oevap = n A^fg = V^s {PA,s ~ PA,°° )hfg (^3) 


where h Q can be estimated from an appropriate correlation and h m from the heat-mass analogy using h 0 . 


Estimation of the heat transfer coefficient , h Q : The Reynolds number, evaluated with properties at Tf = 
(T s + TJ/2 = 304 K, is 

VD 10 m/s x 0.020 m 


Re D r 


v 1.629xl0 -5 m 2 /s 


=12,277 


(4) 


Using the Churchill-Bernstein correlation, Eq. 7.57, for cross flow over a cylinder, find h Q 

i4/5 


Nu D,c 


0.3 + 


0.62 Re" 3 Pr" 3 


l + (0.4/Pr o ) 


2/3 


1/4 


1 + 


Re P,o 

282,000 


\5/8 


(5) 


Continued... 



PROBLEM 8.106 (Cont.) 


0.62(12,277) 1/ ^(0.706) 1/3 ( 12,277 

Nu d 0 = 0.3 +-—-----pf— 1+ —-- 

r , \2/3l 1/4 282,000 

l + (0.4/0.706) Z/J L V 


r k T 0.0266W/m K OA A / 2 

h n = — Nur> 0 =---x60.1 = 80.0W/m K 

° D u, ° 0.020m 7 

The Heat-Mass Analogy: From Eq. 6.92, with n = 1/3, 

r ’ / \2/3 

h o _ _ T .2/3 OC 


r ~ P c pLe — pcp 


h m = 80.0 w/m 2 • k/ 1.148 kg/ m" 5 X1007 j/kg k( 23.09x10 6 m 2 /s/0.26xl0 4 m 2 / s ) " =0.0749m/s 


\2/3~ 

V 


Hence, the heat rate leaving the tube surface from Eq. (1) is, 

q out = 80 w/ m 2 • K(27 - 35)° C + 0.0749m/s (0.02556 -0)kg/m 3 x2438x 10 3 j/kg {n x0.020mx0.200m) 

q ou t =-8.04W+ 58.65 = 50.6 W < 

(b) For tube flow analysis, the heat rate and rate equations are 


q - mCp (T m 0 T m p) 


^s T mo ttDL — 

-= exp — : - hj 

Ts ~ mCp 


where T s = 27°C, the uniform temperature of the tube surface, and q = -50.6 W according to the analysis 
of part (a). To estimate hj, first characterize the flow, 

Re Da = =- 4 x 0.025 kg/s - = 2070 (9) 

T D Pi k x0.020mx769xl0 _b N s/m 2 


using properties evaluated at an assumed mean temperature, T m = 305 K (slightly above T s ). The flow 
is laminar, and assuming a combined entry region, use the Sieder-Tate correlation, Eq. 8.57, 

_ /ReojPqf 3 / u f 14 

Nu D ,i =1.86 4 ± (10) 


NuD,i =1.86 


2070x5.20 Y /3 f 769xl0~ 6 


0.200/0.020 


855x10' 


hj = — Nud i = ————— xl8.78 = 582 w/m 2 ■ K 
1 D ’ 0.020 m 7 

Referring to Eqs. (7) and (8), recognize that there are two unknowns, T mi and T m o , as we have evaluated 
both q and h ; . Using the IHT solver, we found 


T . = 34.2°C 


T =33.7°C 


Continued... 



PROBLEM 8.106 (Cont.) 


COMMENTS: Using the IHT Rate Equation Tool, Rate Equation for a Tube, Constant Surface 
Temperature, and the Correlation, Internal Flow, Laminar, Combined Entry Length, a model to perform 
the analysis for part (b) was developed and is copied below. 


// Rate Equation Tool - Tube, Constant Surface Temperature: 

/* For flow through a tube with a uniform wall temperature, Fig 8.7b, the 
overall energy balance and heat rate equations are */ 
q = mdot*cp*(Tmo - Tmi) // Fleat rate, W; Eq 8.37 

q = - 50.64 // Fleat rate, W; required to sustain heat loss on outer surface 

(Ts - Tmo) / (Ts - Tmi) = exp (- P * L * h / (mdot * cp)) // Eq 8.42b 

// where the fluid and constant tube wall temperatures are 

Ts = 27 + 273 //Tube wall temperature, K 

Tmi_C = Tmi -273 // Inlet mean fluid temperature, K 

Tmo_C = Tmo - 273 // Outlet mean fluid temperature, K 

// The tube parameters are 

P = pi * D // Perimeter, m 

Ac = pi * (D A 2) / 4 // Cross sectional area, m A 2 

D= 0.020 //Tube diameter, m 

L= 0.20 //Tube length, m 

// The tube mass flow rate and fluid thermophysical properties are 

mdot = rho * urn * Ac 

mdot = 0.025 


ii Properties Tool - Water 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 


x = 0 

rho = rho_Tx("Water",Tm,x) 
cp = cp_Tx("Water'’,Tm,x) 
mu = mu_Tx("Water",Tm,x) 
mus = mu_Tx("Water",Ts,x) 
nu = nu_Tx("Water",Tm,x) 
k = k_Tx("Water",Tm,x) 

Pr= Pr_Tx("Water",Tm,x) 
Tm = Tfluid_avg(Tmo, Tmi) 
//Tm = 300 


// Quality (0=sat liquid or 1=sat vapor) 

// Density, kg/m A 3 

// Specific heat, J/kg-K 

// Viscosity, N-s/m A 2 

// Viscosity, N-s/m A 2 

// Kinematic viscosity, m A 2/s 

//Thermal conductivity, W/m-K 

// Prandtl number 

// Average mean temperature, K 

// Assigned value, initial solve 


// Correlations Tool - Internal Flow, Laminar, combined entry length 

NuDbar = NuD_bar_IF_L_CEL_CWT(ReD,Pr,D,L,mu,mus) // Eq 8.57 
NuDbar = h * D / k 
FteD = urn * D / nu 


// Data Browser results: 


Ac 


NuDbar 

P 

Pr 

ReD 

Tmi 

Tmi_C 

Tmo 

Tmo_C 

cp 

h 

k 

mu 


mus 

nu 

rho 

um 

D 

L 

Ts 

mdot 

q 

X 

Tm 


0.0003142 

18.64 

0.06283 

4.975 

2150 

307.2 

34.18 

306.7 

33.7 

4178 

580.8 

0.6231 

0.0007403 

0.000855 7.445E-7 994.3 

0.08004 

0.02 

0.2 

300 

0.025 

-50.64 

0 

306.9 




PROBLEM 8.107 

KNOWN: Density and flow rate of gas through a tube with evaporation or suhlimination at the tube 
surface. 

FIND: (a) Longitudinal distribution of mean vapor density, (b) Total rate of vapor transfer. 

SCHEMATIC: 


l< >1 dx 



ASSUMPTIONS: (1) Steady, incompressible flow, (2) Flow rate is independent of x, (3) Negligible 
chemical reactions, (4) Uniform perimeter P. 

ANALYSIS: (a) Applying conservation of species to a differential control volume 


P A,m u m Ac + dn A _ PA,m + 


-dx u m A c 


or, with 


1 A c =m/p and dn A = h m P dx( p A s - p A m ), 


m d PA,m 
p dx 


dx =h m P dx(p A s -p A , m ). 


Separating variables and integrating, 

jPA,m d PA;in _jx p h m P d: ,_ P Pjx h 


PAmi p A , s -p A , m 0 m 


m 0 


Pa,s PA.m _ P Pxh m PA,s PA,m( x ) 


PA,s PA.m.i 


PA,s PA.m.i 


= exp-h r 


(D< 


(b) With Ap A — p A s P A; m’ 

n A =(m/p) (p A ,m,o-pA,m,i) = -(m/p) ( a PA,o ~ A PA,i) 


and from Eq. (1) with 


-= PLh m /fn 

P 


A PA,o 

A PA,i 


it follows that 


n A = h m P L 


A PA,o A PA,i 
( A P A ,o / A P A,i) 


< 


COMMENTS: Due to the addition of vapor, m will actually increase with x. However, if the 
specific humidity of the saturated gas-vapor mixture is small (as is usually the case), the change in m 
will be small. 



PROBLEM 8.108 


KNOWN: Flow rate and temperature of air. Tube diameter and length. Presence of water film on 
tube inner surface. 

FIND: (a) Vapor density at tube outlet, (b) Evaporation rate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady, incompressible flow, (2) Constant flow rate, (3) Isothermal system 
(water film maintained at 25°C), (4) Fully developed flow. 

PROPERTIES: Table A-4, Air (1 atm, 298K): p = 1.1707 kg/m 3 , p = 183.6 x 10" ? N s/m 2 , v = 

6 2 3 3 

15.71 x 10 m /s; Table A-6, Water vapor (298K): pa sat = l/v g = (1/44.25 m /kg) = 0.0226 kg/m ; 

6 2 9 ^ ^ ^ 
Table A-8, Air-vapor (298K): Dab = 26 x 10 m /s; Sc = v/Dab = 0-60. 


ANALYSIS: (a) From Equation 8.81, 

P A,m,o = P A,s ~(P A,s _ P A,m,i) ex P 
4 m 


f 7t DL r ) 
--h 


m 


'm 


Re D =- 


4x3 xlO -4 kg/s 


K D^ 1 71 (0.01 m)183.6xl0 _7 N s/m 2 

Flow is laminar and from the mass transfer analogy to Eq. 8.57, 


= 2080. 


Sh D =1.86 


RepjSc 


4/3 


= 1.86 


2080x0.60 


4/3 


100 


= 4.31 


J 


- ShD Dab 4.31x26x10 6 m 2 /s 
h m =-£±±i =-= 0.0112 m/s 


D 


0.01 m 


PA,m,o= 0.0226 kg/nT 


-0.0226 kg/m exp 


TtxO.Ol mxl mxl.17 kg/m 3 x0.0112 m/s ^ 
3X10 -4 kg/s 


= 0.0169 kg/nT 


(b) The evaporation rate is 

, \ m , \ 3X10 -4 kg/s kg 

n A = u m^c (P A.m.o — P A.m.i) = (P A.m.o ) = — 0.0169 — = 4.33 x 10 kg/s. 

p 


COMMENTS: With 


( 


ApA,o =ApA,iexp 


7t DLp - 
m 


1.1707 kg/m 

( 


m 


m 


= 0.0226 exp 


V 


K xO.Olxlxl.17^ ^ 1 m 
- - - 0 . 0112 — 

3x10 4 kg/s s 


= 5.73x10 3 kg/m 3 


J 


the evaporation rate is 

_ ApAo-ApAi m , . (0.00573-0.0226) kg/m 3 _6 

n A = h m 7t DL—= 0.0112 —tt( 0.01 mllm-i---—-=4.33x10 kg/s 

fn(ApA 5 o /Ap A>i ) s in (0.00573/0.0226) 

which agrees with the result of part (b). 



PROBLEM 8.109 


KNOWN: Flow rate and temperature of air in circular tube of prescribed diameter. Inner tube 
surface is wetted. Flow is fully developed and inlet air is dry. 

FIND: Tube length required to reach 99% of saturation. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady, incompressible flow, (2) Constant flow rate, (3) Water film is also 
at 25°C. 

PROPERTIES: Table A-4, Air (298K, 1 atm): p = 1.17 kg/m 3 , ji = 183.6 x 10 7 N-s/rrf, v = 

AO 'X 

15.71 x 10 1 m /s; Table A-6 , Water vapor (298K): pA sat = l/v g = (1/44.25 m /kg) = 0.0226 

O /r ’ /■% ® 

kg/m ; Table A-8, Air-vapor (298K): Dab = 26 x 10 nfVs, Sc = v/Dab = 0.60. 


ANALYSIS: If PA,m,o = 0-99 Pa,s> it follows from Problem 8.81 that 
-0.9* 

P A,s 


PA,s-0-99 Pa, s AA1 f 

- 2 -— = 0.01 = exp 


7t DLp - ^ 
n m 


m 


J 


With 


Re D = 


4 m 


4xlO _J kg/s 


tt D P n (0.01 m) 183.6xl0 _/ N-s/m 


= 6935 


the flow is turbulent and the mass transfer version of the Colburn equation is 


Sh D =0.023 Re^ /5 Sc 1/3 = 0.023(6935)^' J (0.60) 1/J = 22.9 


4/5 


a/3 


hm _ 


Sh D Dab 22.9x26x10 6 m 2 /s n , 

= —-—— =-= 0.0595 m/s. 

D 0.01 m 


Hence 


0.01 = exp 


f i 

7t xO.Ol mxLxl.17 kg/m J 
10 _3 kg/s 


A 


0.0595 m/s 


0.01 = exp(-2.188 L) 


L = 2.1 m. 


< 



PROBLEM 8.110 


KNOWN: Flow rate and temperature of atmospheric air in circular tube of prescribed diameter. 
Flow is fully developed, and air is dry. Inner tube surface is wetted. 


FIND: (a) Tube length required to reach 99% saturation, (b) Heat rate needed to maintain tube 
surface at air temperature. 


SCHEMATIC: 


777 -10 3 kg (s 

T m -29SK - 

■p = lafm 


D-2.0 mm 



S 3 A,m,o = ®^ < fy 3 fK,s 


Wafer film (A), , sa + (Ts) 


ASSUMPTIONS: (1) Steady, incompressible flow, (2) Constant flow rate. 

PROPERTIES: Table A-4, Air (298K, 1 atm): p = 1.17 kg/m 3 , p = 183.6 x 1()" 7 N s/m 2 , v = 15.71 
6 2 3 3 

x 10 m /s; Table A-6, Water vapor (298K): v g = 44.25 m /kg, PA,sat = l/v g = 0.0226 kg/m , hf g = 

2443 kJ/kg; Table A-8, Air-vapor (298K): Dab = 26 xlO m /s, Sc = v/Dab = 0-60. 


ANALYSIS: (a) If PA,m,o = 0-99 Pa,s> it follows from Problem 8.107 that 


PA,s 0.99 Pa,s 


With Rcq = 


P A,s 
4 m 


0.01 =exp 


71 DLp — ^ 
n m 


m 


J 


4xlO _J kg/s 


n D P 7 t (0.02m) 183.6xl0~ 7 Ns/m 


■ = 3467, 


The flow is turbulent (weakly) and the mass transfer analog to the Colburn equation is 


Sh D =0.023 Re ^ /5 Sc 1/3 = 0.023(3467)**' J (0.60) 1/J = 13.2 

, Sh D D AB 13.2x26xl0 _6 m 2 /s , 

h m = — 12 —M. =-= 0.0172 m/s. 


4/5 


d/3 


Hence, 


L = — 


D 


m 


0.02 m 


-f'n(O.Ol) = - 


10 _ 3 kg/sx/n( 0 . 0 l) 


7t Dph m 
(b) The required heat rate is 

9 = n A hfg n A = h m 7t DL 


Tl (0.02m)l.l7 kg/m 3 (0.0172 m/s) 

^PA,o _ ^PA,i 


- 3.64m. 


nA =0.0172m/s X7t (0.02m) 3.64m 


MApA,o M p A ,i) 

0-01 P A ,s-PA,s 


in ( 0 . 01 ) 


n A =-8.542 xl0 _ 4 m 3 /s (-0.99x0.0226 


kg/m 3 ): 


H.91xl0 _:> kg/s 


q =n a hfg = 1.91x10 5 kg/sx2.443xl0 6 J/kg = 46.7 W. 
COMMENTS: The evaporation rate is low; hence the heat requirement is small. 



PROBLEM 8.111 

KNOWN: Tube length, diameter and temperature. Air temperature and velocity. Saturation 
pressure of thin liquid film and properties of vapor. 

FIND: (a) Partial pressure and mass fraction of vapor at tube exit, (b) Mass rate at which liquid is 
removed from the tube. 

SCHEMATIC: 



ASSUMPTIONS: (1) System is isothermal at 300K, (2) Steady, incompressible flow, (3) Perfect gas 
behavior, (4) Mass flow rate is independent of x. 

PROPERTIES: Table A-4, Air (300K, 1 atm): p = 1.16 kg/m 3 , v= 15.9 x I O' 6 m 2 /s. Prescribed, 
Vapor (300K): PA.sat = 15 mm Hg, M a = 70 kg/kmol, Dab = 10 5 m7s. 


ANALYSIS: (a) With the vapor assumed to behave as an ideal gas, pa = Ca91 T = Pa(91/m a )T, 
and isothermal conditions, the vapor pressure at the outlet may be obtained from the expression 
PA,sat — PA,o _ PA,s — PA,m,o 


PA,sat PA,i PA,s PA.m.i 


exp 


f p7l DLh m A 


m 


where m = p u m A c = 1.16kg/m 3 x0.5m/sxs (0.05m) / 4 = 1.14x10 3 kg/s. With Rej) = u m D/v = 

^2 _ 

0.5 m/s x 0.05m/15.9 x 10 m7s = 1570, the flow is laminar and h m may be determined from the 
mass transfer analog to Eq. 8.57. With Sc = v/Da = 1-59 and [Rep Sc/(L/D)] 1/3 = 2.92 > 2 

( Re Sc V /3 D, 


— Sh _ Dad 

h m = D AB =1.86 

D 


L/D 


/AB 

D 


= 1.86x2.92x- 


10 5 m 2 /s 
0.05m 


= 1.09x10 3 m/s 


Hence, with paj = 0 

PA,o = PA,sat 


1 -exp 


f p;rDLh m A 


m 


yj 


= 15mmHg [l- 


exp 


1.16kg/m 3 x;rx0.05mx5mxl.09x10 3 m/s^ 
1.14xl0~ 3 kg/s 


8.7mmHg 


The corresponding mass density of the vapor is 

PA.om a 8.7mmHgx70kg/kmol 


PA,m,o 


91T 


( 760 mm Hg / atm ) (o.082 m 3 • atm / kmol • K ) 300K 


= 0.0326 kg /nr 


(b) The evaporation rate is 

n A = u m^c (PA m o _ PA m i) = 0.5m/sx 1.96x10 3 m“ x0.0326kg/m 3 = 3.20x10 3 kg/s < 
COMMENTS: (1) Since the evaporation rate (nA = 3.2 X 10 5 kg/s) is much less than the air flow 

-3 

rate (m = 1.14x 10 kg/s), the assumption of a fixed flow rate is reasonable. (2) The evaporation 
rate is also given by n A = h m % D L A p A ,lm = - h m % D L p A , m ,c/ln [(PA.sat - PA,o)/PA,sat] = 3.22 X 
10 5 kg/s, which agrees with the calculation of part (b). 



PROBLEM 8.112 


KNOWN: Air flow rate through trachea of diameter D and length L. 

FIND: (a) Average mass transfer convection coefficient. h m , and (b) Rate of water loss per day 
(liter/day). 


SCHEMATIC: 


T m = 310 K 



10 liter/min 

Trachea 
D = 20 mm 
L = 125 mm 


Water (A) 

PA,s (T s ) 
T.= 37°C 



ASSUMPTIONS: (1) Trachea can be approximated as a smooth tube with uniform surface 
temperature, (2) Laminar, fully developed flow, (3) Trachea inner surface is saturated with water at 
body temperature, T s = 37°C, (4) Negligible water vapor in air at 310 K during inhalation, and (5) 
Heat-mass analogy is applicable. 

PROPERTIES: Table A-4. Air (310 K, 1 atm): p B =1.128 kg/m 3 , p = 1.893 x 10" 5 N s/m 2 ; Table 
A-6, Water (T s = 37°C = 310 K): p A .f = 993 kg/m 3 , p A . g = 0.04361 kg/m 3 ; Table A-8, Water-vapor 
air (310 K, 1 atm): D AB = 0.26 x 10' 4 (310/298) 372 = 2.76 x 10' 5 m 2 /s. 


ANALYSIS: (a) Begin by characterizing the air (B) flow in the trachea modeled as a smooth tube, 
4m 4Vp B 


Re D = 


7rD p 7rD p 


4x10 liter/minxlO 3 m 3 /liter xl min/60s xl. 128 kg/m 3 
Re D =-^- - -= 632 

7TX0.020 mxl.893x10 A-s/m- 

Hence, the flow is laminar, and for fully developed conditions and invoking the heat-mass analogy 
Nujy = Shjy =3.66 Sh = h m D/D AB 


h m =3.66 D AB /D = 3.66x2.76x10 5 m 2 /s/0.020 m = 0.0050 m/s 
(b) The species (A) transfer rate equation, Eq. 8.75, has the form 

n A =h m A s A p AJm 


A P\Jm 


(PA.s PA,m,o) (PA,s PA,m,i) 
fm (p A s — PA.m.o )/ (PA,s ~ PA,m,i ) 


< 


where the mean outlet species density, p Amo , can be determined from Eq. 8.78 


P A.s PA.m.o 
PA.s “PA.m.i 


f 


= exp 


hmpP 


m 


where m / p = u m A c = V B . Substituting numerical values with P = 7tD, find 


p^ m Q = 0.009233 n A = 1.54x10 6 kg/s 

The volumetric rate of water loss on a daily basis, assuming a 12 hour inhalation period, is 
V A =(l.54xl0“ 6 kg/s/993 kg/m 3 )xl0 3 liter/m 3 x(3600s/hxl2 h/day) 

V A =0.067 liter/day 






PROBLEM 8.113 


KNOWN: Air (species B) is in fully developed, laminar flow as it enters a circular tube wetted with 
liquid A (water). Tube length and diameter. Flow rate of air and system temperature. 

FIND: (a) Governing differential equation for species transfer, (b) Heat transfer analog and an 
expression for Sho, (c) General expression for p A , m , m (d) Value of p A , m ,o for prescribed conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady, incompressible flow, (2) Flow rate is independent of x, (3) Laminar, fully 
developed flow (hydrodynamically), (4) Isothermal conditions, (5) Dry air at inlet. 

PROPERTIES: Table A.4, Air (298 K, 1 atm): p = 1.1707 kg/m 3 , p = 183.6 x 10 7 N-s/m 2 , V = 15.71 x 
10 6 m 2 /s; Table A.6, Water vapor (298 K): p AjSat = l/v g = 0.0266 kg/m 3 ; Table A.8, Air-vapor (298 K): 
D ab = 26 x 10 6 m 2 /s, Sc = v/D AB = 0.60. 


ANALYSIS: (a) The governing differential equation may be inferred by analogy to Eq. 8.48. In this 
case, the dependent variable is the vapor mass density, p A (x,r), and the diffusivity is D AB . With v = 0 for 
fully-developed flow, it follows that 


u 


r) P,\ _ Dab d ( r d PA 


dx r dr 
The entrance condition is 


dr 


PA (0,r) = 0 

and the boundary conditions are 
PA ( r o> x ) = PA,s 


dp A /dx r=0 =0 


(b) The foregoing conditions are analogous to those of the thermal entry length condition associated with 
Eq. 8.56. Invoking this analogy the average Sherwood number for laminar, fully developed flow is 


ShD =3.66 


0.0668 (D/L)Re D Sc 
l + 0.04[(D/L)Re D Sc] 2/3 


< 


(c) Applying conservation of species to the differential control volume, 

f n d PA,m , A 
PA,m +- dx 


PA,m u m^c +dn A 


dx 


u m^c 


or, with u m A c = m/p and dn ^ = h m ;rDdx ( p As - p A m ) 

tit d PA,m , , r . , i \ 

--- dx = h m ^ Ddx (PA,s -PA,m) 

p dx v ’ 


Continued... 



PROBLEM 8.113 (Cont.) 



COMMENTS: Due to evaporation, m actually increases with increasing x. However, the increase is 
small, and the assumption of fixed m is good. 



PROBLEM 9.1 


KNOWN: Tabulated values of density for water and definition of the volumetric thermal expansion 
coefficient, (1. 

FIND: Value of the volumetric expansion coefficient at 300K; compare with tabulated values. 

PROPERTIES: Table A-6, Water (300K): p = l/v f = 1/1.003 x 10" 3 m 3 /kg = 997.0 kg/m 3 , (3 
= 276.1 x 10" 6 K" 1 ; (295K): p = l/v f = 1/1.002 x 10' 3 m 3 /kg = 998.0 kg/m 3 ; (305K): p = l/v f 
= 1/1.005 x 10~ 3 m 3 /kg = 995.0 kg/m 3 . 


ANALYSIS: The volumetric expansion coefficient is defined by Eq. 9.4 as 


p= _i pp 3 

p 


d T 


yp 


The density change with temperature at constant pressure can be estimated as 
^ dp 


3 ^ Pi - P2 ^ 


d T 


JP 


Tl-T 2 


7P 


where the subscripts (1,2) denote the property values just above and below, respectively, the 
condition for T = 300K denoted by the subscript (o). That is, 


Po — 


J_ 

Po 


Pi P 2 
Tl-T 2 


yp 


Substituting numerical values, find 

-1 (995.0-998.0) kg/m 3 


Po 


997.0 kg/m' 


(305-295 )K 


300.9xl0 -6 K -1 . 


1 


Compare this value with the tabulation, |3 = 276.1 x 10 K ,to find our estimate is 8.7% high. 


COMMENTS: (1) The poor agreement between our estimate and the tabulated value is due to the 
poor precision with which the density change with temperature is estimated. The tabulated values of 
(3 were determined from accurate equation of state data. 

(2) Note that P is negative for T < 275K. Why? What is the implication for free convection? 



PROBLEM 9.2 

KNOWN: Object with specified characteristic length and temperature difference above ambient 
fluid. 


FIND: Grashof number for air, hydrogen, water, ethylene glycol for a pressure of 1 atm 


SCHEMATIC: 



ASSUMPTIONS: (1) Thermophysical properties evaluated at Tf = 350K, (2) Perfect gas 
behavior, ((3 = 1/Tf). 

PROPERTIES: Evaluate at 1 atm, Tf = 350K: 

Table A-4, Air: v = 20.92 x 10 ^ m/s\ Hydrogen: v = 143 x 10 ^ m/s 

AO 0 1 

Table A-6, Water (Sat. liquid): v = (if Vf = 37.5 x 10 1 rriVs, Pf = 0.624 x 10 ~ K 

AO 0 1 

Table A-5, Ethylene glycol: v = 3.17 x 10 m Is, p = 0.65 x 10 K . 
ANALYSIS: The Grashof number is given by Eq. 9.12, 

^ gP (T s -ToojL^ 


Substituting numerical values for air with P = 1/Tf, find 

9.8m/s 2 x(l/350K) (25K) (0.25m) 3 
GiL,air - 2 

(20.92X10 -6 m 2 /s) 

GiL,air =2.50xl0 7 . 

Performing similar calculations for the other fluids, find 
GiL,hyd = 5.35x10 

GiL, water = 1 -70x 10^ 

GiL,eth = 2.48 x10 s 


< 

< 

< 

< 


COMMENTS: Higher values of Gil imply increased free convection flows. However, other 
properties affect the value of the heat transfer coefficient. 


PROBLEM 9.3 


KNOWN: Relation for the Rayleigh number. 

FIND: Rayleigh number for four fluids for prescribed conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Perfect gas behavior for specified gases. 

6 2 6 2 

PROPERTIES: Table A-4, Air (400K, 1 atm): v = 26.41 x 10 m /s, a = 38.3 x 10 m /s, p = 

3 1 6 2 

l/T = 1/400K = 2.50 x 10 ' K ; Table A-4 , Helium (400K, 1 atm): v = 199 x 10" m /s, a = 295 x 
6 2 3 1 6 2 

10" m /s, p = l/T = 2.50 x 10 K _ ; Table A-5, Glycerin (12°C = 285K): v = 2830 x 10" 1 m /s, a = 

0.964 x 10" 7 m 2 /s, p = 0.475 x 10" 3 K _1 ; Table A-6, Water (37°C = 310K, sat. bq.): v = pf v f = 695x 
6 2 3 3 6 2 3 

10 1 N-s/nT x 1.007 x 10 m /kg = 0.700 x 10 1 m"7s, a = kf Vf/c p f = 0.628 W/m-K x 1.007 x 10 ~ 

3 6 2 6 1 * ? 

m/kg/4178 J/kg-K = 0.151 x 10"'m /s, pf = 361.9 x 10"' K _ . 


ANALYSIS: The Rayleigh number, a dimensionless parameter used in free convection analysis, is 
defined as the product of the Grashof and Prandtl numbers. 


RaLsG , Pr= i^If_ 

.. 2 k .. 2 




va 


where a = k/pcp and V = p/p. The numerical values for the four fluids follow: 

Air (400K, 1 atm) 

Ra L =9.8m/s 2 (1/400K) 30K(0.01m) 3 /26.41xl0 -6 m 2 /sx38.3xl0 -6 m 2 /s=727 < 
Helium (400K, 1 atm) 

Ra L = 9.8m/s 2 (1/400K) 30K(0.01m) 3 /199xl0 _6 m 2 /sx295xl0 _6 m 2 /s = 12.5 < 

Glycerin (285K) 

Ra L =9.8m/s 2 |o.475xlO _3 K _1 j 30K (0.01m) 3 /2830xl(T 6 m 2 / sx0.964xl0 _7 m 2 /s = 512 < 

Water (310K) 

Ra L =9.8m/s 2 |o.362xlO _3 K _1 j 30K (O.Olm) 3 /0.700xl0 _6 m 2 /sxO.151 xl0 _6 m 2 /s = 9.35 xlO 5 . < 

COMMENTS: (1) Note the wide variation in values of Ra for the four fluids. A large value of Ra 
implies enhanced free convection, however, other properties affect the value of the heat transfer 
coefficient. 


PROBLEM 9.4 


KNOWN: Form of the Nusselt number correlation for natural convection and fluid properties. 

FIND: Expression for figure of merit Fnj and values for air, water and a dielectric liquid. 

PROPERTIES: Prescribed. Air: k = 0.026 W/m-K, [3 = 0.0035 K \ v = 1.5 x 10' 5 m 2 /s, Pr = 0.70. 
Water: k = 0.600 W/m-K, [3 = 2.7 x 10 4 K ', V = 10 6 m”/s, Pr = 5.0. Dielectric liquid: k = 0.064 
W/m-K, [3 = 0.0014 K' 1 , v = 10' 6 m 2 /s, Pr = 25 

ANALYSIS: With Nul ~Ra n , the convection coefficient may be expressed as 


h 


kf g(3ATL 3 

L av 

v 


T 


(gATL 3 ) 

n 

r k(3 n ' 

L ! 

a’V n 

V / 


The figure of merit is therefore 


k[3 n 


a\ n 


< 


and for the three fluids, with n = 0.33 and a = v /Pr , 

f n (w 

Water is clearly the superior heat transfer fluid, while air is the least effective. 

COMMENTS: The figure of merit indicates that heat transfer is enhanced by fluids of large k, large 
[3 and small values of a and v. 


•A 3 /m™ k 4 «) 


Air 

5.8 


Water Dielectric 


663 


209 



PROBLEM 9.5 


KNOWN: Heat transfer rate by convection from a vertical surface, lm high by 0.6m wide, to 
quiescent air that is 20K cooler. 

FIND: Ratio of the heat transfer rate for the above case to that for a vertical surface that is 0.6m 
high by lm wide with quiescent air that is 20K warmer. 

SCHEMATIC: 



ASSUMPTIONS: (1) Thermophysical properties independent of temperature; evaluate at 300K; (2) 
Negligible radiation exchange with surroundings, (3) Quiescent ambient air. 

6 2 6 2 

PROPERTIES: Table A-4, Air (300K, 1 atm): v = 15.89 x 10 m /s, a = 22.5 x 10 m /s. 

ANALYSIS: The rate equation for convection between the plates and quiescent air is 

q = h L A s AT (1) 


where AT is either (T s - Too) or (Too - T s ); for both cases, A s = Lw. The desired heat transfer ratio is 
then 


01 _hLl 

02 h L2 

To determine the dependence of hL on geometry, first calculate the Rayleigh number, 

Ra L = g p ATL 3 /va 
and substituting property values at 300K, find, 


( 2 ) 

(3) 


O 'J AO AO Q 

Case T. Ra U = 9.8 m/s (1/300K) 20K (lm) /15.89 x 10" nT/s x 22.5 x 10" mOs = 1.82x10 

Case 2: Rap2 = RaLl (L 2 /Li)^ = 1.82 xlO (0.6m/1.0m)^ = 3.94 x 10 . 

Hence, Case 1 is turbulent and Case 2 is laminar. Using the correlation of Eq. 9.24, 


Nu L =^Lt=C(Ra L ) n 


h L = — C Ra? 
L L T 


L 


(4) 


where for Case /: C| = 0.10, iq = 1/3 and for Case 2: C 2 = 0.59, n 2 = 1/4. Substituting Eq. (4) into 
the ratio of Eq. (2) with numerical values, find 

9 \ 1/3 
1.82xl0 y 

-4-Ttt =0.881 < 

09 n 2 / o\l/4 

(C 2 /L 2 )Ra L2 (0.5 9/0.6m) 13.94x10°) 

COMMENTS: Is this result to be expected? How do you explain this effect of plate orientation on 
the heat rates? 


qi _ (Cl/L,)Ra"‘ _ (0.10/lm)( 



PROBLEM 9.6 


KNOWN: Large vertical plate with uniform surface temperature of 130°C suspended in quiescent air 
at 25°C and atmospheric pressure. 

FIND: (a) Boundary layer thickness at 0.25 m from lower edge, (b) Maximum velocity in boundary 
layer at this location and position of maximum, (c) Heat transfer coefficient at this location, (d) 
Location where boundary layer becomes turbulent. 

SCHEMATIC: 



ASSUMPTIONS: (1) Isothermal, vertical surface in an extensive, quiescent medium, (2) Boundary 
layer assumptions valid. 

S' 

PROPERTIES: Table A-4, Air (T f = (T s + Too)/2 = 350K, 1 atm): v = 20.92 x 10" m/s,k = 
0.030 W/m-K, Pr = 0.700. 

ANALYSIS: (a) From the similarity solution results, Fig. 9.4 (see above right), the boundary layer 
thickness corresponds to a value of p = 5. From Eqs. 9.13 and 9.12, 

y =r|x(Gr x / 4) -1/4 (1) 

Gr Y = gR (T -T co )x 3 /v 2 = 9.8 — x—-— (130-25) K x 3 / (20.92 xl0 _6 m 2 / s =6.718xl0 9 x 3 (2) 

X S s 2 350K V I 

-1/4 


y ~ 5(0.25m) f6.718xl0 9 (0.25) 3 /4 


1.746x10 V =17.5 mm. 


(3) < 


(b) From the similarity solution shown above, the maximum velocity occurs at T| « 1 with 
f "(ri) =0.275. From Eq.9.15, find 

d/2 

xO.275 =0.47 m/s. < 


2v in „ x 2x20.92xl0 _6 m 2 /s ( 

u= _Gr x f (n)=- 

x 


6.718X10 9 (0.25) 3 


0.25m 

The maximum velocity occurs at a value of r) = 1; using Eq. (3), it follows that this corresponds to a 
position in the boundary layer given as 

ymax = l/5 (17.5 mm) = 3.5 mm. < 

(c) From Eq. 9.19, the local heat transfer coefficient at x = 0.25 m is 

Nu x = h x x/k = (Gr x /4) 1/4 g(Pr) = ^6.718xl0 9 ( 0.25) 3 / 4 j ^ 0.586 = 41.9 

h x = Nu x k/x =41.9x0.030 W/m- K/0.25 m = 5.0 W/m 2 ■ K. < 

The value for g(Pr) is determined from Eq. 9.20 with Pr = 0.700. 

(d) According to Eq. 9.23, the boundary layer becomes turbulent at x c given as 

,9 ^ 


Ra x ,c = Gr x>c Pr ~ 10" 


10 v /6.718xl0 v (0.700) 


■ 0.60 m. 


COMMENTS: Note that [3 = 1/Tf is a suitable approximation for air. 



PROBLEM 9.7 


KNOWN: Thin, vertical plates of length 0.15m at 54°C being cooled in a water bath at 20°C. 


FIND: Minimum spacing between plates such that no interference will occur between free- 
convection boundary layers. 


SCHEMATIC: 


T 

L=0.1Sm 



S' 


-71 =S^°C 


& m 



h-d 


ASSUMPTIONS: (a) Water in bath is quiescent, (b) Plates are at uniform temperature. 


PROPERTIES: Table A-6, Water (T f = (T s + Too)/2 = (54 + 20)°C/2 = 310K): p = l/v f = 993.05 

o AO O 0 A 1 

kg/m , p = 695 xlO 1 N s/m , v = p/p = 6.998 x 10" m /s, Pr = 4.62, p = 361.9 x 10" 1 K . 


ANALYSIS: The minimum separation distance will be twice the thickness of the boundary layer at 
the trailing edge where x = 0.15m. Assuming laminar, free convection boundary layer conditions, the 
similarity parameter, t), given by Eq. 9.13, is 


r| = y(Gr x /4) 1/4 

X 

where y is measured normal to the plate (see 
Fig. 9.3). According to Fig. 9.4, the boundary 
layer thickness occurs at a value r| => 5. 

It follows then that, 

Ybl =r l x (Gr x /4) _1/4 



where Giy 


gp (T s -Too)x : 


V 


Gr x =9.8m/s 2 x361.9xl0 6 K 1 (54-20)Kx(0.15m) 3 /(6.998x10 7 m 2 /s) =8.310xl0 8 . < 


Hence, yp,[ 


:5x0.15m(8.310xl0 8 /4 


-1/4 


6.247x10 3 m 


■ 6.3 mm 


and the minimum separation is 

d = 2 yy = 2x6.3 mm = 12.6 mm. < 

COMMENTS: According to Eq. 9.23, the critical Grashof number for the onset of turbulent 

9 8 

conditions in the boundary layer is Gr x c Pr ~ 10 . For the conditions above, Gr x Pr = 8.31x10 x 

9 

4.62 = 3.8x10 . We conclude that the boundary layer is indeed turbulent at x = 0.15m and our 
calculation is only an estimate which is likely to be low. Therefore, the plate separation should be 
greater than 12.6 mm. 




PROBLEM 9.8 


KNOWN: Square aluminum plate at 15°C suspended in quiescent air at 40°C. 

FIND: Average heat transfer coefficient by two methods - using results of boundary layer similarity 
and results from an empirical correlation. 


SCHEMATIC: 



T S = 15°C 

P/afe^ 200mm s<ju.ar‘e J 
5 m Tn 'f'hick-rje.ss 


ASSUMPTIONS: (1) Uniform plate surface temperature, (2) Quiescent room air, (3) Surface 
radiation exchange with surroundings negligible, (4) Perfect gas behavior for air, [3 = 1/Tf. 


PROPERTIES: Table A-4, Air (T f = (T s + Too)/2 = (40 +15)°C/2 = 300K, 1 atm): v = 15.89 x 10" 6 

r\ 6 2 

m /s, k = 0.0263 W/m-K, a = 22.5 x 10" m /s, Pr = 0.707. 

ANALYSIS: Calculate the Rayleigh number to determine the boundary layer flow conditions, 

Ra L =g p ATL 3 /v a 

Ra L =9.8 m/s 2 (1/300K) (40-15 ) °C (0.2m) 3 / |l5.89xl(T 6 m 2 /s j |22.5xl0 _6 m 2 /sj = 1.827 xlO 7 

9 

where [3 = 1/Tf and AT = Too - T s . Since Rap < 10 , the flow is laminar and the similarity solution of 
Section 9.4 is applicable. From Eqs. 9.21 and 9.20, 

N“l = ^j~ = y( Gr L /4 ) 1/4 s( pr > 


g(Pr)=- 


0.75 Pr 


1/2 


0.609 + 1.221 Pr 1/2 +1.238 Pr 


1/4 


and substituting numerical values with Grp = Rap/Pr, find 

g (Pr) = 0.75(0.707) 1/2 / 0.609 +1.22(0.707 ) l 12 +1.238xO.707 


1/4 


= 0.501 


h L = 


0.0263 W/m-K 
0.20m 


f 


x- 


1.827xl0 7 /0.707 
4 


\l/4 


x 


0.501 = 4.42 W/m 2 -K < 


The appropriate empirical correlation for estimating hp is given by Eq. 9.27, 

1/4 


Nu t = ^-^ = 0.68 + 


h L = (0.0263 W/m - K/0.20m) 


0.670 Rat 


l + (0.492/Pr) 


9/16 


n4/9 


0.68 + 0.670 1.827x10 


s7 


1/4 


1+(0.492/0.707) 


9/16 


4/9 


h L = 4.42 W/m 2 DK. < 

COMMENTS: The agreement of hp calculated by these two methods is excellent. Using the 
Churchill-Chu correlation, Eq. 9.26, find hp = 4.87 W/m - K. This relation is not the most accurate 
for the laminar regime, but is suitable for both laminar and turbulent regions. 



PROBLEM 9.9 


KNOWN: Dimensions of vertical rectangular fins. Temperature of fins and quiescent air. 

FIND: (a) Optimum fin spacing, (b) Rate of heat transfer from an array of fins at the optimal spacing. 

SCHEMATIC: 




W= ^5SSmm 


L =2.0 mm 
Top view 


H-s 



Air 

X=3Q0/CJ 

-T a *3SOK- 

W-t =1.5-min 


H=L50mm 



K-/-—>1 


ASSUMPTIONS: (1) Fins are isothermal, (2) Radiation effects are negligible, (3) Air is quiescent. 

PROPERTIES: Table A-4, Air (Tf = 325K, 1 atm): v = 18.41 x 1()" 6 m/s, k = 0.0282 W/mK, Pr = 
0.703. 

ANALYSIS: (a) If fins are too close, boundary layers on adjoining surfaces will coalesce and heat 
transfer will decrease. If fins are too far apart, the surface area becomes too small and heat transfer 

decreases. S G p ~ 8 x= h- From Fig. 9.4, the edge of boundary layer corresponds to 
r| =(5/H) (Gih/4) 1 /4 ~5. 

gPft-TodH 3 9.8 m/s 2 (l/325K) 50K (0.15m) 3 j 

Hence, Grjq =-—-=---= 1.5x10 


VH2 


18.41xl0 _6 m 2 /s 


/ 7 1 1/4 

8 (H) = 5(0.15m)/1 1.5 x 10 ' /4j =0.017m=17mm 

(b) The number of fins N can be found as 

N = W/(S 0p + t) = 355/35.5 = 10 

and the rate is q = 2 N h(H ■ L) (T s —Too )• 

For laminar flow conditions 


S 0 p ~ 34mm. 


1/4 


Nu H =0.68 + 0.67 Raj^ / 


l + (0.492/Pr) 
i a/4 

Nu r = 0.68+0.67(1.5x10' xO.703) / 


9/16 


n 4/9 


l + (0.492/0.703) 


9/16 


4/9 


= 30 


h = k Nu H /H = 0.0282 W/m- K(30) /0.15 m = 5.6 W/m 2 ■ K 


q = 2(10)5.6 W/m 2 K(0.15mx0.02m) (350-300)K = 16.8 W. < 

COMMENTS: Part (a) result is a conservative estimate of the optimum spacing. The increase in 
area resulting from a further reduction in S would more than compensate for the effect of fluid 

entrapment due to boundary layer merger. From a more rigorous treatment (see Section 9.7.1), Sop : 
10 mm is obtained for the prescribed conditions. 




PROBLEM 9.10 


KNOWN: Interior air and wall temperatures; wall height. 

FIND: (a) Average heat transfer coefficient when Too = 20°C and T s = 10°C, (b) Average heat 
transfer coefficient when Too = 27°C and T s = 37°C. 

SCHEMATIC: 

175! 


\tr 






Wall height, 

/ ( A/r 

/ Xo=27°C J 


@ Winter condition (£) Summer' condition 

ASSUMPTIONS: (a) Wall is at a uniform temperature, (b) Room air is quiescent. 

O I /" 

PROPERTIES: Table A-4, Air (T f = 298K, 1 atm): p = 1/T f = 3.472 x 10" K _ , v = 14.82 x K)" 1 
m Is, k = 0.0253 W/mK, a = 20.9 x 10" 1 m Is, Pr = 0.710; (T f = 305K, 1 atm): p = 1/T f = 3.279 x 

o | AO AO 

10" K" , v = 16.39 x 10" mOs, k = 0.0267 W/mK, a = 23.2 x 10" 1 m Is, Pr = 0.706. 

ANALYSIS: The appropriate correlation for the average heat transfer coefficient for free convection 
on a vertical wall is Eq. 9.26. 

i 2 


— hL , 
Nu t =—=•! 
L k 


0.825+- 


n 5 07 d 0.1667 
0.387 Ra L 


1+ (0.492/Pr ) 0 ' 563 J 


10.296 


where Rap = g p AT L Na, Eq. 9.25, with AT = T s - Too or Too - T s . 

(a) Substituting numerical values typical of winter conditions gives 

9.8m/s 2 x3.472xl0“ 3 K _1 (20-10)K (2.5m) 3 in 

Rap =-—-----—= 1.711x10 

14.82xl0 _6 m 2 /sx20.96xl0" 6 m 2 /s 


Nu l H 


0.825+ ■ 


0.387 1.711x10 


10 


0.1667 


\0.563 


0.296 


)■ =299.6. 


1+(0.492/0.710) 

J J 

Hence, h = Nu L k/L = 299.6(0.0253 W/m-K)/2.5m= 3.03 W/m 2 K. 


(b) Substituting numerical values typical of summer conditions gives 

9.8 m/s 2 x 3.279x 10 _3 K _1 (37-27) K (2.5m) 3 in 

Ra L =---------— = 1.320x10 U 

23.2xl0 _6 m 2 /sxl6.39xl0 _6 m 2 /s 


Nu L =•( 


0.825 + - 


0.387 1.320x10 


10 


0.1667 


1+ (0.492/0.706) 


0.563 


0.296 


V = 275.8. 


Hence, 


h = Nu L k/L = 275.8x0.0267 W/m -K/2.5m =2.94 W/m -K. 


< 


COMMENTS: There is a small influence due to Tfon h for these conditions. We should expect 
radiation effects to be important with such low values of h. 




PROBLEM 9.11 

KNOWN: Vertical plate experiencing free convection with quiescent air at atmospheric pressure 
and fi lm temperature 400 K. 

FIND: Form of correlation for average heat transfer coefficient in terms of AT and characteristic 
length. 

SCHEMATIC: 



ASSUMPTIONS: (1) Air is extensive, quiescent medium, (2) Perfect gas behavior. 

PROPERTIES: Table A-6 , Air (T f = 400K, 1 atm): v = 26.41 x 10' m7s, k = 0.0338 W/mK, 
a = 38.3 x 10~ 6 m 2 /s. 


ANALYSIS: Consider the correlation having the form of Eq. 9.24 with Rap defined by Eq. 9.25. 


Nu ^ = hj^L/k = CRaj* 


where 


( 1 ) 


Ra L = 


gp^-T^L 3 


va 


9.8 m/s 2 (1/400 K) AT L J 7 o 

v ’ = 2.422x10 ' AT L 3 (2) 


26.41x10 6 m 2 /sx38.3xl0 6 m 2 /s 


Combining Eqs. (1) and (2), 


h L = (k/L)CRaj‘ 


n 0.0338 W/m K 


L 


C 2.422x10 ; ATL J 


n 


(3) 


4 9 

From Fig. 9.6, note that for laminar boundary layer conditions, 10 < RaL <10 , C = 0.59 and n = 
1/4. Using Eq. (3), 


h = 1.40 


L 1 AT ■ L J 


1/4 


= 1.40 


( at ^ /4 


V L J 


9 13 

For tui'bulcnt conditions in the range 10 < RaL <10 , C = 0.10 and n = 1/3. Using Eq. (3), 


h L = 0.98 


L 1 1 AT ■ L J 


1/3 


0.98AT 


1/3 


COMMENTS: Note the dependence of the average heat transfer coefficient on AT and L for 
laminar and turbulent conditions. The characteristic length L does not influence Iil for turbulent 
conditions. 



PROBLEM 9.12 


KNOWN: Temperature dependence of free convection coefficient, h = CAT^ 74 , for a solid suddenly 
submerged in a quiescent fluid. 

FIND: (a) Expression for cooling time, t f , (b) Considering a plate of prescribed geometry and thermal 
conditions, the time required to reach 80°C using the appropriate correlation from Problem 9.10 and (c) 
Plot the temperature-time history obtained from part (b) and compare with results using a constant h 0 

from an appropriate correlation based upon an average surface temperature T = (Tj + Tf )/2 . 


SCHEMATIC: 



ASSUMPTIONS: (1) Lumped capacitance approximation is valid, (2) Negligible radiation, (3) 
Constant properties. 


PROPERTIES: Table A. 1, Aluminum alloy 2024 (T = (Tj +T f )/2 « 400 K) : p = 2770 kg/m 3 , c p = 

925 J/kg-K, k = 186 W/m-K; Table A.4 , Air (T fllm = 362 K): v = 2.221 x 10 5 m 2 /s, k = 0.03069 W/m-K, 
a = 3.187 x 10 5 m 2 /s, Pr - 0.6976, p = 1/T fllm . 


ANALYSIS: (a) Apply an energy balance to a control surface about the object, — E out = E st , and 

substitute the convection rate equation, with h = CAT^ 74 , to find 

-CA s (T - ) 5 7 4 = d/dt (pVcT). 

Separating variables and integrating, find 


(1) 


dT/dt = - (CA S /pVc) (T - ) 


dT _ ( CA S | rt f 
(T-Too) 5/4 [pVcJo 


,5/4 


ft 


tf = 


4 pVc 


fdt 

Jo 


CA c 


(Tf-Too) 1/4 -(Ti-Too) 1/4 


-4 (T - Too) 
4pVc 


-1/4 


Tf 

Ti 


CA S (Ti-Too) 


1/4 


Tj -Tqq 

Tf -Too 


CA S 
-Tt 

pVc 

xl/4 


-1 


( 2 ) < 


(b) Considering the aluminum plate, initially at T(0) = 225°C, and suddenly exposed to ambient air 
at Too = 25° C , from Problem 9.10 the convection coefficient has the form 

^AO 174 


hi =1.40 


V L 7 


hi = CAT 


1/4 


where C = 1.40/L 1/4 = 1.40/(0.150) 1/4 = 2. 2496 W/m^ ■ K . Using Eq. (2), find 


, 1/4 


3/4 


Continued... 



PROBLEM 9.12 (Cont.) 


tf 


4x2770kg/m 3 (o,150 2 x 0.005 )m 3 x925J/kg - K 


2.2496 W/m 2 • K 3M x2x(0.150m) 2 (225-25) 1/4 K 1/4 

(c) For the vertical plate, Eq. 9.27 is an appropriate correlation. Evaluating properties at 
Tfilm = (T s + T„ )/2 = ((Tj + T f )/2 + )/2 = 362 K 

where T s = 426K , the average plate temperature, find 

g/3(T s -T,„)L 3 9.8 m/s 2 (1/362K) (426 - 298) K (0.150m) 3 


225 - 25 
80-25 


xl/4 


=1154s 


Ra L 


va 


2.221xl0~ 5 m 2 /sx3.187xl0~ 5 m 2 /s 


1.652x10 


7 


Nul = 0.68 + - 


0.670Ra L 


1/4 


l + (0.492/Pr) 


9/16 


n 4/9 


: 0.68 + - 


I ? U/4 

0.670(1.652x10' j 


1 +(0.492/0.6976) 


9/16 


4/9 


:33.4 


r k — 0.03069 W/m-K 2 

h n = — Nul =--x33.4 = 6.83W/m ■ K 

° L 0.150m ' 


From Eq. 5.6, the temperature-time history with a constant convection coefficient is 

T(t) = T 00 + (Ti -T 00 )exp|^-(h 0 A s /pVc)t] (3) 

where A s /v = 2L 2 / /(L xLxw) = 2/w = 400m ' . The temperature-time histories for the h = CAT 1/4 
and h Q analyses are shown in plot below. 



Constant coefficient, ho = 6.83 W/m A 2.K 
Variable coefficient, h = 2.25(Ts - Tinf) A 0.25 


COMMENTS: (1) The times to reach T(t 0 ) = 80°C were 1154 and 1212s for the variable and constant 
coefficient analysis, respectively, a difference of 5%. For convenience, it is reasonable to evaluate the 
convection coefficient as described in part (b). 

(2) Note that Ra L < 10 9 so indeed the expression selected from Problem 9.10 was the appropriate one. 

(3) Recognize that if the emissivity of the plate were unity, the average linearized radiation coefficient 
using Eq. (1.9) is h ra( j = 11.0 w/m^ ■ K and radiative exchange becomes an important process. 




PROBLEM 9.13 

KNOWN: Oven door with average surface temperature of 32°C in a room with ambient air at 22°C. 

FIND: Heat loss to the room. Also, find effect on heat loss if emissivity of door is unity and the 
surroundings are at 22°C. 

SCHEMATIC: 



ASSUMPTIONS: (1) Ambient air is quiescent, (2) Surface radiation effects are negligible. 

6 2 

PROPERTIES: Table A-4, Air (T f = 300K, 1 atm): v = 15.89 x 10" 1 m /s, k = 0.0263 W/mK, a = 

AO 0 1 

22.5 x 10"'m /s, Pr = 0.707, [3 = 1/T f = 3.33 x 10" K . 


ANALYSIS: The heat rate from the oven door surface by convection to the ambient air is 
q = hA s (^-Lo) 

where h can be estimated from the free-convection correlation for a vertical plate, Eq. 9.26, 
r 'i 2 


Nu l = — = j 0.825 + 


0.387Rai 


l + (0.492/Pr)' 


The Rayleigh number, Eq. 9.25, is 

gp(T s -T 00 )L 3 9.8m/s 2 (l/300K)(32-22)Kx0.5 3 m 3 g 

Ra L = ———^-—— =- —_ ; v - — -= 1.142 x10 s . 

voc 15.89xl0 _6 m 2 /sx22.5xl0 _ m 2 /s 

Substituting numerical values into Eq. (2), find 

r i i s ^ 2 


Nu l = \ 0.825 + 


0.387 1.142xl( 


= 63.5 


l + (0.492/0.707)" 


- k— 0.0263W/mK r 2 

hy =—Nu t =-x63.5 = 3.34W/m z -K. 

L L 0.5m 

The heat rate using Eq. (1) is 

q = 3.34W/m 2 • K x(0.5 x0.7) m 2 (32 - 22) K = 11,7W. 
Heat loss by radiation, assuming e = 1, is 

9 rad ~ e A s^ (Ts _ T sur | 


q rad =1 ( 0 - 5x0 - 7 ) m2x5 - 67xl ° 8 W/m 2 -K 4 (273 + 32) 4 -(273+22) 4 K 4 =21.4W. < 

Note that heat loss by radiation is nearly double that by free convection. Using Eq. (1.9), the radiation 

2 

heat transfer coefficient is h ra( j = 6.4 W/m K, which is twice the coefficient for the free convection 
process. 



PROBLEM 9.14 


KNOWN: Aluminum plate (alloy 2024) at an initial uniform temperature of 227°C is suspended in a 
room where the ambient air and surroundings are at 27 °C. 

FIND: (a) Expression for time rate of change of the plate, (b) Initial rate of cooling (K/s) when plate 
temperature is 227°C, (c) Validity of assuming a uniform plate temperature, (d) Decay of plate 
temperature and the convection and radiation rates during cooldown. 

SCHEMATIC: 



ASSUMPTIONS: (1) Plate temperature is uniform, (2) Ambient air is quiescent and extensive, (3) 
Surroundings are large compared to plate. 

PROPERTIES: Table A.l, Aluminum alloy 2024 (T = 500 K): p = 2770 kg/m 3 , k = 186 W/m-K, c = 
983 J/kg-K; Table A.4, Air (T f = 400 K, 1 atm): v = 26.41 x 10' 6 m 2 /s, k = 0.0388 W/m-K, a = 38.3 x 
10 6 m 2 /s, Pr = 0.690. 


ANALYSIS: (a) From an energy balance on the plate with free convection and radiation exchange, 
—E out = E st , we obtain 


— h L 2A s (T s -T 00 )-e2A s cj 



\ dT 

1 = pA s tc— or 
' L dt 


dT 

dt 


-2 
ptC L 


h L ( T s - T oo ) + (t s 4 



where T s , the plate temperature, is assumed to be uniform at any time. 


(b) To evaluate (dT/dt), estimate hp. First, find the Rayleigh number, 

2 


Ra L = a (T s -T„)P/va = 9 ^ sZ (1 / 4( ”K)(227-27)Kx(03mr = 

26.41xl0“ b m z /sx38.3xl0“ b m 2 /s 


Eq. 9.27 is appropriate; substituting numerical values, find 


Nul = 0.68 + - 


0.670Ra 


1/4 


l + (0.492/Pr) 


9/16 


4/9 


: 0.68 + - 


l o \1/4 

0.670(1.308x10° j 


1 +(0.492/0.690)' 


9/16 


n 4/9 


: 55.5 


h L = NuLk/L = 55.5x0.0338W/m- K/0.3m = 6.25 w/ m 2 ■ K 


Continued... 



PROBLEM 9.14 (Cont.) 


dT -2 

— =- i —~-x 

dt 2770kg/nr x 0.015 mx 983 J/kg ■ K 
6.25 w/m 2 • K (227 - 27) K + 0.25 (5.67 x 10“ 8 w/m 2 • K 4 )(500 4 -300 4 ) K 4 


-0.099 K/s. 


< 


(c) The uniform temperature assumption is justified if the Biot number criterion is satisfied. With L c = 
(V/2A S ) = (A s t/2A s ) = (t/2) and h tot = h conv + h ra( j, Bi = h tot (t 2)/k <0.1. Using the linearized 
radiation coefficient relation, find 

h rad = (T s + T sur ) (t s 2 + T sar j = 0.25 ^5.67 x 10~ 8 w/m 2 • K 4 )(500 + 300)(500 2 + 300 2 j K 3 = 3.86 w/m 2 • K 

Hence, Bi = (6.25 + 3.86) W/m 2 K(0.015 m/2)/186 W/m-K = 4.07 x 10 4 . Since Bi « 0.1, the 
assumption is appropriate. 


(d) The temperature history of the plate was computed by combining the Lumped Capacitance Model of 
IHT with the appropriate Correlations and Properties Toolpads. 




o Convection heat rate, qconv(W) 
a Radiation heat rate, qrad(W) 


Due to the small values of hp and h rac j, the plate cools slowly and does not reach 30°C until t = 14000s 

= 3.89h. The convection and radiation rates decrease rapidly with increasing t (decreasing T), thereby 
decelerating the cooling process. 

COMMENTS: The reduction in the convection rate with increasing time is due to a reduction in the 
thermal conductivity of air, as well as the values of lip and T. 





PROBLEM 9.15 

KNOWN: Instantaneous temperature and time rate of temperature change of a vertical plate cooling in a room. 

FIND: Average free convection coefficient for the prescribed conditions; compare with standard empirical 
correlation. 


SCHEMATIC: 



^Quiescent air, 
\Tco=Z7 0 CJ> 


'■Surround/ ngs, 

T sun = T eo =2T’6 


T 

i.=0.3m 


4 ! UtMSmm 


T s = 1Z7Z, -ff = -0.0+65K/s 

Plafe t aluminum alloy Z025 } 
0.3m square t E.-O.ZS 


ASSUMPTIONS: (1) Uniform plate temperature, (2) Quiescent room air, (3) Large surroundings. 

3 

PROPERTIES: Table A-l , Aluminum alloy 2024 (T s = 127°C = 400K): p = 2770 kg/m , c p = 925 J/kg-K; Table A- 

-6 2, -6 2, 

4, Air (Tf = (T s + Too)/2 = 350K, 1 atm): v = 20.92 x 10 m Is, k = 0.020 W/mK, a = 29.9 x 10 m Is, Pr = 0.700. 

ANALYSIS: From an energy balance on the plate 
considering free convection and radiation exchange, 

Ein - E 0U t = E s t 

-hu (2A S )(T S - )-£ (2A s )o |t s -T sur j = pA s /?Cp —. 

Noting that the plate area is 2A S , solving for lip, and substituting numerical values, find 

hp = -p fcp- 2 eo |t s -T sur j /2(T s -Too) 

h L = -2770kg/m 3 x0.3mx925J/kg K(-0.0465K/s)-2x0.25 x5.67xl0 _8 W/m 2 -K 4 ^400 4 -300 4 j K 4 
/ 2(127-27)° C= (8.936-2.455) W/m 2 K 



h L = 6.5W/m 2 ■ K. < 

To select an appropriate empirical correlation, first evaluate the Rayleigh number, 

Rap =gpATL 3 /va 

Ra L = 9.8m/s 2 (l/350K)(l27-27)K (0.3m) 3 /(20.92xl0 _6 m 2 /s) (29.9 xl0 _6 m 2 /s) = 1.21X10 8 . 


Since Raj^ < 10 , the flow is laminar and Eq. 9.27 is applicable, 
~ ^ f\ rn 1/4 


Nu t =-iE = o.68 + 

L k 


0.670Rai 


1 + (0.492/Pr )' 


0.030W/m • K 


/ o \1 / 4 Q / \ f ^ 

0.68+0.670 1.21x10 / 1 + (0.492/0.700) y/ 


= 5. 5 W/m~ • K. < 


COMMENTS: (1) The correlation estimate is 15% lower than the experimental result. (2) This transient method, 
useful for obtaining an average free convection coefficient for spacewise isothermal objects, requires Bi < 0.1. 





PROBLEM 9.16 


KNOWN: Person, approximated as a cylinder, experiencing heat loss in water or air at 10°C. 
FIND: Whether heat loss from body in water is 30 times that in air. 

ASSUMPTIONS: (1) Person can be approximated as a vertical cylinder of diameter D = 0.3 m 
and length L = 1.8 m, at 25°C, (2) Loss is only from the lateral surface. 

PROPERTIES: Table A-4, Air |t = (25+ 10)° C/2= 290K,latm) : k = 0.0293 W/m-K, v = 

AO AO 

19.91x10 m7s, a = 28.4 x 10 m7s; Table A-6, Water (290K): k = 0.598 W/m-K, v = (ivf 
= 1.081 x 10" 6 m 2 /s, a = kv f /c p = 1.431 x 10" ? m 2 /s, (3 f = 174 x 10~ 6 K \ 

ANALYSIS: In both water (wa) and air (a), the heat loss from the lateral surface of the cylinder 
approximating the body is 

q = h7t DL (T s -Too ) 

where T s and Too are the same for both situations. Hence, 



Vertical cylinder in air. 

p gPATL 3 9.8m/s 2 x(l/290K)(25-10)K(].8m) 3 ^^9 

va 19.91xl0 _6 m 2 /sx28.4xl0 _6 m 2 /s 
Using Eq. 9.24 with C = 0.1 and n = 1/3, 

— 1/3 

N^ l =Ml = CRaj^ = 0.l(5.228xl0 9 ) =173.4 h L = 2.82 W / m 2 ■ K. 

Vertical cylinder in water. 

9 .8m/s 2 x 174xl0 -6 K _1 (25 - 10) K (l. 8m) 3 it 

Ra L = -^ ---V-O-- = 9-643X10 11 

1.081x10 V 2 /sxl.431xl0 V 2 /s 

Using Eq. 9.24 with C = 0.1 and n = 1/3, 

N^ l =^7 = CRa£ =0.l(9.643xl0 11 ) 173 = 978.9 h L = 328 W/m 2 ■ K. 

Hence, from this analysis we find 

q wa _ 328 W / m 2 K _ n? 

9 a 2.8 W / m 2 ■ K 

which compares poorly with the claim of 30. 



PROBLEM 9.17 

KNOWN: Dimensions of window pane with frost formation on inner surface. Temperature of room 
air and walls. 

FIND: Heat loss through window. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Surface of frost is isothermal with T s ~ 0°C, (3) Radiation 
exchange is between a small surface (window) and a large enclosure (walls of room), (4) Room air is 
quiescent. 

PROPERTIES: Table A-4, air (T f = 9°C = 282 K): k = 0.0249 W/m-K, v = 14.3 x 10 " 6 m 2 /s, a = 
20.1 x 10 ' 6 nTVs, Pr = 0.712, jS = 3.55 x 10~ 3 K' 1 . 


ANALYSIS: Under steady-state conditions, the heat loss through the window corresponds to the rate 
of heat transfer to the frost by convection and radiaiton. 


0 — 9conv + 9rad — W x L h(T 00 T s ) + e<7 |t sui - T s j 

With Ra L =g J 8(T 00 -T s )L 3 /av =9.8m/s 2 x0.00355K _1 xl8K(lm) 3 /( 
= 2.18xl0 9 , Eq. (9.26) yields 


14.3x20.1x10 12 m 4 /s 2 


Nu, 


0.825+ - 


0.387 Ra ^' 6 


1 + (0.492/Pr)' 


9/16 


8/27 


156.5 


h = Nu L - = 156.5 


0.0249 W/m-K 

lm 


: 3.9W/m z ■ K 


q = lm z 


3.9 W/m 2 ■ K(18K)+ 0.90x5.67xlO -8 W/m 2 ■ K 4 ^29 1 4 -273 4 j 
= 70.2 W + 82.5 W = 152.7 W 


COMMENTS: (1) The thickness of the frost layer does not affect the heat loss, since the inner 
surface of the layer remains at T s ~ 0°C. However, the temperature of the glass/frost interface 
decreases with increasing thickness, from a value of 0°C for negligible thickness. (2) Since the 
thermal boundary layer thickness is zero at the top of the window and has its maximum value at the 
bottom, the temperature of the glass will actually be largest and smallest at the top and bottom, 
respectively. Hence, frost will first begin to form at the bottom. 



PROBLEM 9.18 

KNOWN: During a winter day, the window of a patio door with a height of 1.8 m and width of 1.0 m 
shows a frost line near its base. 


FIND: (a) Explain why the window would show a frost layer at the base of the window, rather than 
at the top, and (b) Estimate the heat loss through the window due to free convection and radiation. If 
the room has electric baseboard heating, estimate the daily cost of the window heat loss for this 
condition based upon the utility rate of 0.08 $/kW h. 


SCHEMATIC: 


w = 1 m \*r~ 



Window 

T s = 0°C 

S = 0 ' 94 T sur =15°C 

"n 

T(d = 15°C 

Utility rate = 0.08 $/kW-h 


ASSUMPTIONS: (1) Steady-state conditions, (2) Window has a uniform temperature, (3) Ambient 
air is quiescent, and (4) Room walls are isothermal and large compared to the window. 

PROPERTIES: Table A-4 , Air (T f = (T s + Too)/2 = 280 K, 1 atm): v = 14.11 x 10 " 6 m 2 /s, k = 
0.0247 W/m-K, a = 1.986 x 10 " 5 m 2 /s. 

ANALYSIS: (a) For these winter conditions, a frost line could appear and it would be at the bottom 
of the window. The boundary layer is thinnest at the top of the window, and hence the heat flux from 
the warmer room is greater than compared to that at the bottom portion of the window where the 
boundary layer is thicker. Also, the air in the room may be stratified and cooler near the floor 
compared to near the ceiling. 

(b) The heat loss from the room to the window having a uniform temperature T s = 0°C by convection 
and radiation is 


Oloss — ‘lev + Orad 


(1) 


Oloss 


hu (Too T s ) + eo (T sur T s j 


( 2 ) 


The average convection coefficient is estimated from the Churchill-Chu correlation, Eq. 9.26, using 
properties evaluated at Tf = (T s + Too)/2. 


TW h L L 
Nu t =-^~ 

L i. 


0.825+ - 


0.387 Ra 


1/6 


1 + (0.492 /Pr) 


9/16 


-|8/27 


(3) 


Ra L =g/3T(T 00 -T s )L 3 /va (4) 

Substituting numerical values in the correlation expressions, find 

Ra L = 1.084xl0 10 Nu L = 258.9 h L =3.6W/m 2 K 


Continued 




PROBLEM 9.18 (Cont.) 


Using Eq. (2), the heat loss with a = 5.67 x 10 8 W/m K 4 is 

3.6 W/m 2 ■ K(l5 K) +0.940(7^288 4 -273 4 )k 4 

q loss = (96.1 + 127.1)W = 223 W 
The daily cost of the window heat loss for the given utility rate is 
cost = qi oss x (utility rate) x 24 hours 
cost = 223 W x (10' 3 kW/W) x 0.08 $/kW - h x 24 h 

cost = 0.43 $/day 

COMMENTS: Note that the heat loss by radiation is 30% larger than by free convection. 


9 loss — (lxl.8)m 



PROBLEM 9.19 

KNOWN: Room and ambient air conditions for window glass. 


FIND: Temperature of the glass and rate of heat loss. 

SCHEMATIC: 


Window glass (Imxlm, f s = 1) 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible temperature gradients in the glass, (3) 
Inner and outer surfaces exposed to large surroundings. 

PROPERTI E S: Table A.4, air (T fd and T f o ): Obtained from the IHT Properties Tool Pad. 
ANALYSIS: Performing an energy balance on the window pane, it follows that Ej n = E out , or 

( T s 4 ur,i “ t4 )+ K i t T ~.i “ T ) = ( t4 “ T A )+h„ (T -T M>0 ) 

where hj and h Q may be evaluated from Eq. 9.26. 



0.387Ra^ /6 

? q/1 .-i8/27 

l + (0.492/Pr) 9/16 


2 


Using the First Law Model for an Isothermal Plane Wall and the Correlations and Properties Tool Pads 
of IHT, the energy balance equation was formulated and solved to obtain 

T = 273.8 K < 


The heat rate is then q, = q G , or 

qi = L 2 [ecr (t 4 ^ - T 4 ) + hj (T^ - T) = 174.8 W < 

COMMENTS: The radiative and convective contributions to heat transfer at the inner and outer 
surfaces are q radji = 99.04 W, q con v,i = 75.73 W, q rad , 0 = 86.54 W, and q con v,o = 88.23 W, with corresponding 
convection coefficients of hj = 3.95 W/m 2 K and h Q = 4.23 W/m 2 K. The heat loss could be reduced 
significantly by installing a double pane window. 






PROBLEM 9.20 


KNOWN: Room and ambient air conditions for window glass. Thickness and thermal conductivity of 
glass. 

FIND: Inner and outer surface temperatures and heat loss. 

SCHEMATIC: 


T ■ = 20 °C 
00,1 


■ Vi = 20 00 


' S,0- 

V 

I 

convj - 


9 rad,/ 


Window glass (1 m x 1 m, kg = 1.4 W/m-K, s = 1 ) 
— L = 1 m 


q conv,o /’Air 

ry" ' 

-y cond 


7_ oo,o = -20°C 


9 rad,o 


_L 


Vo = -20 °c 


A 


tg = 10 mm —1<- 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in the glass, (3) Inner 
and outer surfaces exposed to large surroundings. 

PROPERTI E S: Table A.4 , air (T f i and T fj0 ): Obtained from the IHT Properties Tool Pad. 
ANALYSIS: Performing energy balances at the inner and outer surfaces, we obtain, respectively, 


H T sur,i - T s 4 i) + h i (Vi -T Sfi ) = (kg/tg)(V - V) 
(kg/tg)(T s i — T s 0 ^ = £<y |t sj0 — T sur 0 j + h Q (T S;0 — Tqo, 0 ) 


( 1 ) 


( 2 ) 


where Eq. 9.26 may be used to evaluate hj and h c 


Nu L = 


0.825+ - 


0.387Ra^ /6 


l + (0.492/Pr) 


9/16 


8/27 


Using the First Law Model for One-dimensional Conduction in a Plane Wall and the Correlations and 
Properties Tool Pads of IHT, the energy balance equations were formulated and solved to obtain 

T s ,j = 274.4 K T s , 0 = 273.2 K < 


from which the heat loss is 


q = ^/( T s ,i-T s ,o) = 168-8W 
l g 


< 


COMMENTS: By accounting for the thermal resistance of the glass, the heat loss is smaller (168.8 W) 
than that determined in the preceding problem (174.8 W) by assuming an isothermal pane. 







PROBLEM 9.21 


KNOWN: Plate dimensions, initial temperature, and final temperature. Air temperature. 

FIND: (a) Initial cooling rate, (b) Time to reach prescribed final temperature. 

SCHEMATIC: 

- S = 0.006 m 

T 

L = 1 m 

I Too = 20°C 

p = 1 atm 

q 

ASSUMPTIONS: (1) Plate is spacewise isothermal as it cools (lumped capacitance approximation), 
(2) Negligible heat transfer from minor sides of plate, (3) Thermal boundary layer development 
corresponds to that for an isolated plate (negligible interference between adjoining boundary layers). 
(4) Negligible radiation. (5) Constant properties. 

PROPERTIES: Table A-l, AISI 1010 steel (T = 473K) : p = 7854 kg/m 3 , c = 513 J/kg-K. Table A- 
4, air (T f>i = 433 K): v= 30.4 x 10' 6 m 2 /s, k = 0.0361 W/m-K, a = 44.2 x 10' 6 m 2 /s, Pr = 0.687, j8 = 
0.0023 K' 1 . 

ANALYSIS: (a) The initial rate of heat transfer is = h A s (Tj - ), where A s = 2 L 2 = 2 m 2 . 

With Ra L ; = g/5 (Tj - T 00 )L 3 /av = 9.8 m/s 2 x 0.0021 (280)lm 3 /44.2 x 10' 6 m 2 /s x 30.4 x 10' 6 m 2 /s = 
4.72 x 10 9 , Eq. 9.26 yields 



AISI 1010 steel 
Tj = 300°C 
T f = 100°C 



r 0.0361 W/m ■ K 

h =-<! 

lm 


0.825 + - 


/ 9\ 1/6 

0.387l4.72xl0 y j 


1 +(0.492/0.687)' 


9/16 


8/27 


7.16 W/m 2 ■ K 


Hence, q* = 7.16W/m 2 ■ Kx2m 2 x280°C = 4010W < 

(b) From an energy balance at an instant of time for a control surface about the plate, -q = E st 
= p L <5c dT / dt, the rate of change of the plate temperature is 

dT _ h2L 2 (T-T 00 )_ 2h , 

i 0 V ^ ^o° / 

dt pL 2 <Sc P Sc 

where the Rayleigh number, and hence h, changes with time due to the change in the temperature of 
the plate. Integrating the foregoing equation with the DER function of IHT, the following results are 
obtained for the temperature history of the plate. 


Continued 







PROBLEM 9.21 (Cont.) 


CD 


CD 

Q. 

E 

CD 

_CD 

JC 

Q_ 



Tim e, t(s) 


The time for the plate to cool to 100°C is 

t-2365s < 

COMMENTS: (1) Although the plate temperature is comparatively large and radiation emission is 
significant relative to convection, much of the radiation leaving one plate is intercepted by the 
adjoining plate if the spacing between plates is small relative to their width. The net effect of 
radiation on the plate temperature would then be small. (2) Because of the increase in /3 and 
reductions in V and a with increasing t. the Rayleigh number decreases only slightly as the plate cools 

from 300°C to 100°C (from 4.72 x 1 0 9 to 4.48 x 10 9 ), despite the significant reduction in (T - Too). 

_ 2 

The reduction in h from 7.2 to 5.6 W/m K is principally due to a reduction in the thermal 
conductivity. 




PROBLEM 9.22 

KNOWN: Thin-walled container with hot process fluid at 50°C placed in a quiescent, cold water bath at 
10°C. 

FIND: (a) Overall heat transfer coefficient, U, between the hot and cold fluids, and (b) Compute and 
plot U as a function of the hot process fluid temperature for the range 20 < h < 50°C. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Heat transfer at the surfaces approximated by free 
convection from a vertical plate, (3) Fluids are extensive and quiescent, (4) Hot process fluid 
thermophysical properties approximated as those of water, and (5) Negligible container wall thermal 
resistance. 


PROPERTIES: Table A.6 , Water (assume T f , h = 310 K): p h = 1/1.007 x 10 3 = 993 kg/m 3 , c p , h = 4178 
J/kg-K, v h = p h /p h = 695 x 10 6 N s/m 2 /993 kg/m 3 = 6.999 x 10 7 m 2 /s, k h = 0.628 W/m-K, Pr h = 4.62, a h = 
k h /phC p ,h = 1.514 x 10 7 m 2 /s, p h = 361.9 x 10 6 K' 1 ; Table A.6, Water (assume T f , c = 295 K): p c = 1/1.002 
x 10 3 = 998 kg/m 3 , c p , c = 4181 J/kg-K, v c = p c /p c = 959 x 10 fi N-s/m 2 /998 kg/m 3 = 9.609 x 10 7 m 2 /s, k c = 
0.606 W/m-K, Pr c = 6.62, a c = kc/p c e p , c = 1.452x 10 7 m 2 /s, p c = 227.5 x 10 6 K 1 . 


ANALYSIS: (a) The overall heat transfer coefficient between the hot process fluid, , and the cold 
water bath fluid, , is 


U = (l/h h +l/h c ) 1 


(1) 


where the average free convection coefficients can be estimated from the vertical plate correlation Eq. 
9.26, with the Rayleigh number, Eq. 9.25, 

'i 2 


Nu L = 


0.825+ - 


0.387RaL 6 


l + (0.492/Pr) 


9/16 


8/27 


Ra L = 


g/JATE 3 

va 


(2,3) 


To affect a solution, assume T s = ^ j) /2 = 30° C = 303 K , so that the hot and cold fluid film 


temperatures are T fjh = 313 K ~ 310 K and T f c = 293 K ~ 295 K. From an energy balance across the 
container walls, 


hh (Too.h T s ) — h c (T s c ) 


(4) 


the surface temperature T s can be determined. Evaluating the correlation parameters, find: 
Hot process fluid: 


Ra L,h = 


9.8m/s 2 x361.9xl0 6 K 1 (50-30) K(0.200m) 3 _ co „ win 9 
~n X 7 7^ ^ 7 — 5.357 XlO 

6.999xlO -7 m“/sxl.514xl0 -7 m 2 /s 


Continued... 



PROBLEM 9.22 (Cont.) 



h h = Nu Lih = 251.5x0.628 w/m 2 - K/o.200m = 790 w/m 2 - K 

Cold water bath: 

9.8m/ s 2 x 227.5 x10 _ 6 K _1 (30-10)K(0.200m) 3 q 

Ra L c =- L --- 7 --- y -—7 - — = 2.557 x 10 y 

9.609xlO -7 m 2 /sxl.452xl0“ 7 m 2 /s 

f / q\l /6 l 2 

_ 0.387 2.557 xlO y 

Nu L ,c= 0.825 +---= 203 - 9 

1 + (0.492/6.62 ) 9 / 16 

h c = 203.9x0.606 W/m K/0.200m = 618 w/m 2 - K 
From Eq. (1) find 

U = (1/790 +1/618) -1 w/ m 2 - K = 347 w/m 2 - K < 

Using Eq.(4), find the resulting surface temperature 

790w/m 2 -K(50-T s )K = 618w/m 2 -K(T s -30)K T s =32.4°C 

Which compares favorably with our assumed value of 30°C. 

(b) Using the IHT Correlations Tool, Free Convection, Vertical Plate and following the foregoing 
approach, the overall coefficient was computed as a function of the hot fluid temperature and is plotted 
below. Note that U increases almost linearly with p . 



COMMENTS: For the conditions of part (a), using the IHT model of part (b) with thermophysical 
properties evaluated at the proper film temperatures, find U = 352 W/m-K with T s = 32.4°C. Our 
approximate solution was a good one. 

(2) Because the set of equations for part (b) is quite stiff, when using the IHT model you should follow 
the suggestions in the IHT Example 9.2 including use of the intrinsic function Tfluid_avg (T1,T2). 




PROBLEM 9.23 


KNOWN: Height, width, emissivity and temperature of heating panel. Room air and wall 
temperature. 

FIND: Net rate of heat transfer from panel to room. 

SCHEMATIC: 



ASSUMPTIONS: (1) Quiescent air, (2) Walls of room form a large enclosure, (3) Negligible heat 
loss from back of panel. 

s: 

PROPERTIES: Table A-4, Air (T f = 350K, 1 atm): v = 20.9 x 10' m /s, k = 0.03 W/mK, a 
= 29.9 x 10‘ 6 m 2 /s, Pr = 0.700. 

ANALYSIS: The heat loss from the panel by convection and radiation exchange is 
9 = hA(T s — Too)+£G a|t s — Tsurj- 

With 

„ gP(T s -T„)L 3 9.8m/ S 2 (l/350K)(100K)(lm) 3 _ o , n9 
Rap =-=-—y-= 4.48 X10 

av (20.9)(29.9)xl0 _12 m 4 /s 2 

and using the Churchill-Chu correlation for free convection from a vertical plate, 

2 

= 196 

h = 196k/L = 196x0.03W/m- K/lm= 5.87W/m 2 ■ K. 

Hence, 

q = 5.86W/m 2 K(0.5m 2 )l00K 

+0.9x5.67 xlO _8 W/m 2 K 4 (o.5m 2 ) (400) 4 -(300) 4 K 

q = 293W +447 W =740W. < 

COMMENTS: As is typical of free convection in gases, heat transfer by surface radiation is 
comparable to, if not larger than, the convection rate. The relative contribution of free convection 
would increase with decreasing L and T s . 




PROBLEM 9.24 


KNOWN: Initial temperature and dimensions of an aluminum plate. Condition of the plate surroundings. Plate 
emissivity. 

FIND: (a) Initial cooling rate, (b) Validity of assuming negligible temperature gradients in the plate during the 
cooling process. 

SCHEMATIC: 



ASSUMPTIONS: (1) Plate temperature is uniform, (2) Chamber air is quiescent, (3) Chamber surface is much 
larger than that of plate, (4) Negligible heat transfer from edges. 

PROPERTIES: Table A-l , Aluminum (573K): k = 232 W/rnK, c p = 1022 J/kg-K, p = 2702 kg/m 3 ; Table A-4 , Air 
(T f = 436K, 1 atm): v = 30.72 x 10' 6 nf/s, a = 44.7 x 10' 6 nf/s, k = 0.0363 W/mK, Pr = 0.687, (3 = 0.00229 K 1 . 


ANALYSIS: (a) Performing an energy balance on the plate, 


-q = -2A S 


dT/dt =-2 


h (T -Too ) + eo |t 4 -T s 4 ur ) = E st = p Vc p [dT/dt 


h(T-T 00 ) + £0 t 4 -t; 


r 4 

‘sur 


/ pwc t 


Using the correlation of Eq. 9.27, with 

gp (Ti -T 00 )L 3 9.8m/s 2 x0.00229K _1 (300-27)K(0.5m) 3 


Ra L =- 


va 


30.72xl0 _6 m 2 /sx44.7xl0 _6 m 2 /s 


= 5.58x10 


8 


0.68+- 

0.670Ra{/ 4 

0.0363 

k — 

0.68 + 

0.670 

o\l/4 

5.58x10° j 

l + (0.492/Pr) 9/16 

4/9 

0.5 

1+ (0.492/0.687) 9716 

4/9 


7- k 

h = —<! 

L 


h = 5.8W/m z K. 

Hence the initial cooling rate is 


dT 

dt 


2 5.8W/m 2 K(300- 27)°C +0.25x5.67x10 8 W/m 2 • K 4 (573K) 4 -(300K) 


2702kg/m 3 (0.016m) 1022J/kg K 


— = -0.136K/s. 

dt 


(b) To check the validity of neglecting temperature gradients across the plate thickness, calculate Bi = h e ff (w/2)/k 
where h eff = q" ot /(Ti - T^) = (1583 + 1413) W/nf/273 K = 11.0 W/nf -K. Hence 


Bi = |l 1 W/m 2 Kj(0.008m)/232W/m ■ K = 3.8X10 -4 


and the assumption is excellent. 

COMMENTS: (1) Longitudinal (x) temperature gradients are likely to be more severe than those associated with 
the plate thickness due to the variation of h with x. (2) Initially qc 0nv « 9rad- 




PROBLEM 9.25 


KNOWN: Boundary conditions associated with a rear window experiencing uniform volumetric 
heating. 

FIND: (a) Volumetric heating rate q needed to maintain inner surface temperature at T SJ = 15°C, (b) 
Effects of T„ c , li , and , on q and T s 0 . 


SCHEMATIC: 




cond 


cond^ 


19" 


convj 


ASSUMPTIONS: (1) Steady-state, one-dimensional conditions, (2) Constant properties, (3) Uniform 
volumetric heating in window, (4) Convection heat transfer from interior surface of window to interior 
air may be approximated as free convection from a vertical plate, (5) Heat transfer from outer surface is 
due to forced convection over a flat plate in parallel flow. 


PROPERTIES: Table A.3 , Glass (300 K): k = 1.4 W/m-K: Table A.4 , Air (T f>i = 12.5°C, 1 atm): v = 
14.6 x 10 6 m 2 /s, k = 0.0251 W/m-K, a = 20.59 x 10 6 m 2 /s, p = (1/285.5) = 3.503 x 10' 3 K 1 , Pr = 0.711; 
(T f , 0 - 0°C): V = 13.49 x 10 6 m 2 /s, k = 0.0241 W/m-K, Pr = 0.714. 


ANALYSIS: (a) The temperature distribution in the glass is governed by the appropriate form of the 
heat equation, Eq. 3.39, whose general solution is given by Eq. 3.40. 

T(x) = -(q/2k)x 2 +C 1 x + C 2 . 

The constants of integration may be evaluated by applying appropriate boundary conditions at x = 0. In 
particular, with T(0) = T s>i , C 2 = T SJ . Applying an energy balance to the inner surface, qcond = Oconv.i 


dx 


— hj (Tqq j T s j ) 

x=0 

Ci =-(h i /k)(T 00 , i -T s , i ) 


-k 


f q M 

- —x + Ci 
k 1 


hi (Tooj T s j) 


7lx=0 


T(x) = ~(q/2k)x 2 - h ‘ ^ Ts ’^ x +T S|i 

The required generation may then be obtained by formulating an energy balance at the outer surface, 
where q^d = 0conv,o ■ Usin § E 9- (!). 


-k 


dT 

dx 


x=L 



( 2 ) 


Continued... 













PROBLEM 9.25 (Cont.) 


-i® 

dx 


■ k 


x=L 


qL 

k 


+ hj (T^j T s j) — qL + hj (T^ j T s j) 


Substituting Eq. (3) into Eq. (2), the energy balance becomes 
qL = h 0 (T sj0 — Tqo, 0 ) + hi (T s i — T^j) 


(3) 

(4) 


where T Sj0 may be evaluated by applying Eq. (1) at x = L. 
qL" - hj — T s j ) 


T = 

x s,o 


2k 


L + T s,i- 


(5) 


The inside convection coefficient may be obtained from Eq. 9.26. With 


Ra H = 


g/3(T s j -T^j) h 3 9.8m/s 2 (3.503xl0- 3 K ^(lS-lO^O.Sm) 3 


va 


14.60x10 6 m 2 /sx 20.59x10 6 m 2 /s 


= 7.137x10' , 


Nu H = 


0.825 + - 


0.387RaH 6 


l + (0.492/Pr) 


9/16 


8/27 


2 r 


0.825 + - 


/ 7\ 1/6 

0.38717.137x10' I 


n2 


1 + (0.492/0.711) 


9/16 


8/27 


= 56 


r — k 56 x 0.0251 W/m K / 2 „ 

hj = Nuh — =---= 2.81W/m -K 

H 0.5m 


The outside convection coefficient may be obtained by first evaluating the Reynolds number. With 
ReH = u 2± H = ^0nVsxO5m =7413x1()5 

v 13.49xl0“ 6 m 2 /s 

and with Re x , c = 5 x 10 5 , mixed boundary layer conditions exist. Hence, 

Nu H =(o.037R e 4 /5 -87l)pr 1/3 = 0.037 (7.413xl0 5 ^ 


-871 
.2 


(0.714) 173 =864 


h Q = Nuh (k/H) = (864x0.0241W/m- K)/0.5m = 41.6W/irr ■ K . 

Eq. (5) may now be expressed as 

q(0.008 m) 2 2.81 w/m 2 • K(10-15)K _s 

T, „ =——-- !■ ----—x0.008m + 288K = -2.286x10 3 c| + 288.1K 

2(1.4 W/m- K) 1.4 W/m - K 

or, solving for q, q = —43,745 (T so — 288.l) (6) 


and substituting into Eq. (4), 

-43,745 (T s 0 - 288. l)(0.008 m) = 41.6 w/m 2 • K (T s 0 - 263 K) + 2.81 w/m 2 • K (288 K -283 K) . 

It follows that T s o = 285.4 K in which case, from Eq. (6) 

q = 118 kW/ m 3 . < 

(b) The parametric calculations were performed using the One-Dimensional , Steady-state Conduction 
Model of IHT with the appropriate Correlations and Properties Tool Pads, and the results are as follows. 


Continued... 



PROBLEM 9.25 (Cont.) 


15 


10 


-25 -20 -15 -10 -5 0 

Exterior air temperature, Tinfo(C) 


-25 -20 -15 -10 -5 0 

Exterior air temperature, Tinfo(C) 




uinf = 30 m/s, Tinfi = 10 C 
uinf = 20 m/s, Tinfi = 10 C 
uinf = 10 m/s, Tinfi = 10 C 



uinf = 30 m/s, Tinfi = 10 C 
uinf = 20 m/s, Tinfi = 10 C 
uinf = 10 m/s, Tinfi = 10 C 



CO 

< 

E 

g 

up 

LLJ 

O 

T3 

CT 


O 

rc 

CD 

c 

CD 

CD 



Interior air temperature, Tinfi (C) 


Interior air temperature, Tinfi(C) 


o uinf = 30 m/s, Tinfo = 5 C 
—a— uinf = 30 m/s, Tinfo =-10 C 
□ uinf = 30 m/s, Tinfo =-25 C 



uinf = 30 m/s, Tinfo = 5 C 
uinf = 30 m/s, Tinfo = -10 C 
uinf = 30 m/s, Tinfo = -25 C 


For fixed T s ,j and j, T s , 0 and q are strongly influenced by Q and . increasing and decreasing, 
respectively, with increasing Q and decreasing and increasing, respectively with increasing . For 
fixed T s ,i and , T Sj0 and q are independent of j, but increase and decrease, respectively, with 
increasing T^q . 

COMMENTS: In lieu of performing a surface energy balance at x = L, Eq. (4) may also be obtained by 
applying an energy balance to a control volume about the entire window. 







PROBLEM 9.26 


KNOWN: Vertical panel with uniform heat flux exposed to ambient air. 


FIND: Allowable heat flux if maximum temperature is not to exceed a specified value, T max . 


SCHEMATIC: 



ASSUMPTIONS: (1) Constant properties, (2) Radiative exchange with surroundings negligible. 


PROPERTIES: Table A-4, Air (T f = (T L/2 + Too)/2 = (35.4 + 25)°C/2 = 30.2°C = 303K, 1 atm): v 

AO 0 AO 

= 16.19x10" mOs, k = 26.5 x 10 W/m-K, a = 22.9 x 10" m7s, Pr = 0.707. 

ANALYSIS: Following the treatment of Section 9.6.1 for a vertical plate with uniform heat flux 
(constant q''), the heat flux can be evaluated as 

q ;=hAT L/2 where AT L/2 = T s (L/2)-T 00 (1,2) 

and h is evaluated using an appropriate correlation for a constant temperature vertical plate. From Eq. 
9.28, 


AT X =T X -T 00 = 1.15(x/L) 1/5 AT L/2 (3) 

and recognizing that the maximum temperature will occur at the top edge, x = L, use Eq. (3) to find 

ATl/ 2 = (37 -25)°C/1.15(l/l) 1/5 = 10.4°C or T L/2 = 35.4°C. 


Calculate now the Rayleigh number based upon ATfy 2 . with Tf = (Tl/ 2 + Too)/2 = 303K, 


Ra L = 


gpATL J 

va 


where 


AT = AT L/2 

-6 2 


( 4 ) 


Ra L =9.8m/s z (l/303K)xl0.4K(lm) J /16.19xl0 _D m z /sx22.9xl0 _6 m 2 /s = 9.07xl0 8 


Since Rap < 10 , the boundary layer flow is laminar; hence the correlation of Eq. 9.27 is appropriate, 

.1/4 


Nu t =— =0.68 + - 


0.670Ral 


l + (0.492/Pr) 


9/16 


-A/9 


( 5 ) 


h = 


0.0265 W/m ■ K 
lm 


/ x\ 1/4 r 

19.07x10 I / 1 +(0.492/0.707) 


0.68 + 0.670 9.07 xlO 


9/16 


-i4/9 


= 2.38W/m K. 


From Eqs. (1) and (2) with numerical values for h and ATp/ 2 - find 

q' s =2.38W/m 2 Kxl0.4°C =24.8W/m 2 . < 

COMMENTS: Recognize that radiation exchange with the environment will be significant. 

— // /—4 4 \ 2 

Assuming T s = T L/2 , T sur = and 8 = 1, find q rad =a lT s -T sur I =66W/m“. 



PROBLEM 9.27 


KNOWN: Vertical circuit board dissipating 5W to ambient air. 


FIND: (a) Maximum temperature of the board assuming uniform surface heat flux and (b) 
Temperature of the board for an isothermal surface condition. 


SCHEMATIC: 


9 ''-_ zzz V)L 

& -m*- 


— L = 150mm 
Board , 150mm square 
(^Quiescent 


-77 


L/Z 


airT ao -Z7°C / 


Uniform heat flux, 


—L-150mm 

HE 


Quiescent 

air.Tco^TCj 


9=5W 


JT 


Uniform surface temperature 


ASSUMPTIONS: (1) Either uniform or T s on the board, (2) Quiescent room air. 

PROPERTIES: Table A-4, Air (Tf =(Tl/2 + Too)/2 or (T s + Too)/2, 1 atm), values used in 
iterations: 


Iteration 

T f (K) 

v-10 (m /s) 

k-10 (W/mK) 

cc-10 (m /s) 

Pr 

1 

312 

17.10 

27.2 

24.3 

0.705 

2 

323 

18.20 

28.0 

25.9 

0.704 

3 

318 

17.70 

27.6 

25.2 

0.704 

4 

320 

17.90 

27.8 

25.4 

0.704 


ANALYSIS: (a) For the uniform heat flux case (see Section 9.6.1), the heat flux is 

qs= hAT L/2 where AT L/2 = T L/2 “Too (1,2) 

and q; =q/A s =5W/(0.150m) 2 =222W/m 2 . 


The maximum temperature on the board will occur at x = L and from Eq. 9.28 is 

AT x =1.15(x/L) 1/5 AT L/2 (3) 

T L = Tmax = Too +1.15 ATl/ 2 • 

The average heat transfer coefficient h is estimated from a vertical (uniform T s ) plate correlation 
based upon the temperature difference ATl/ 2 - Recognize that an iterative procedure is required: (i) 
assume a value of Tl/ 2 , use Eq. (2) to find ATl/ 2 ; (ii) evaluate the Rayleigh number 

Ra L =gpAT L/2 L 3 /va (4) 

and select the appropriate correlation (either Eq. 9.26 or 9.27) to estimate h; (iii) use Eq. (1) with 

values of h and ATl/ 2 to find the calculated value of q"; and (iv) repeat this procedure until the 

2 

calculated value for q§ is close to q^ = 222 W/nE, the required heat flux. 


Continued 







PROBLEM 9.27 (Cont.) 


To evaluate properties for the correlation, use the film temperature, 


Tf = (T L/2 +T„)/2. 


( 5 ) 


Iteration #1\ Assume Tp/2 = 50°C and from Eqs. (2) and (5) find 

AT L/2 =(50-27)° C = 23°C T f = (50+27)° C/2 = 312K. 

From Eq. (4), with (3 = 1/Tf, the Rayleigh number is 
Ra L = 9.8m/s 2 (l/312K)x23°C(0.150m) 3 / (l7.10xl0 _6 m 2 /s j x|24.3xl0 _6 m 2 /s) 

Since Rap < Kf 7 , the flow is laminar and Eq. 9.27 is appropriate 

.1/4 


nT/sl = 5.868X10 6 . 


Nu t = — =0.68 + - 


0.670Rai 


l + (0.492/Pr) 


9/16 


-4/9 


h L =- 


0.0272W/m ■ K 
0.150m 


t .0/4 r 

5.868x10 I / 1+(0.492/0.705) 


0.68 + 0.670 5.868x10 


,9/16 


n4/9 


= 4.7 1 W/nC ■ K. 


Using Eq. (1), the calculated heat flux is 

q ; =4.7 lW/m 2 ■ Kx23°C =108W/m 2 . 

ir 2 

Since q^ < 222 W/m , the required value, another iteration with an increased estimate for Tp /2 is 
warranted. Further iteration results are tabulated. 


Iteration 

TlV2(°C) 

AT L /2(°C) 

Tf(K) 

Ra L h( 

W/m 2 Kj 

q's (w / m' 

2 

75 

48 

323 

1.044xl() 7 

5.58 

267 

3 

65 

38 

318 

8.861xl0 6 

5.28 

200 

4 

68 

41 

320 

9.321xl0 6 

5.39 

221 


After Iteration 4, close agreement between the calculated and required q^ is achieved with Tp/2 = 
68°C. From Eq. (3), the maximum board temperature is 

T L= T max = 27 °C+l.15(41)° C = 74°C. < 


(b) For the uniform temperature case, the procedure for estimation of the average heat transfer 
coefficient is the same. Hence, 


:T L/2 


9s 


68° C. 


COMMENTS: In both cases, q = 5W and 
h = 5.38W/m . However, the temperature 
distributions for the two cases are quite 
different as shown on the sketch. For q§ = 

constant, AT X ~ x* /5 according to Eq. 9.28. 


< 


x \ 

f 1- 

05- 

!* 

V 

const. 

< — T s - const 

0 

^X~% ~~^a> 






PROBLEM 9.28 


KNOWN: Coolant flow rate and inlet and outlet temperatures. Dimensions and emissivity of 
channel side walls. Temperature of surroundings. Power dissipation. 

FIND: (a) Temperature of sidewalls for £ s = 0.15, (b) Temperature of sidewalls for £ s = 0.90, (c) 
Sidewall temperatures with loss of coolant for £ s = 0.15 and £ s = 0.90. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Negligible heat transfer from top and bottom surfaces of 
duct, (3) Isothermal side walls, (4) Large surroundings, (5) Negligible changes in flow work and 
potential and kinetic energies of coolant, (6) Constant properties. 


PROPERTI E S: Table A-4, air (T m = 298 K): c p = 1007 J/kg-K. Air properties required for the free 

convection calculations depend on T s and were evaluated as part of the iterative solution obtained 
using the IHT software. 


ANALYSIS: (a) The heat dissipated by the components is transferred by forced convection to the 
coolant (q c ), as well as by natural convection (q CO nv) and radiation (q ra d) to the ambient air and the 
surroundings. Hence, 

q = q c + q C onv Orad = ^00 W (1) 

q c = mcp (T m o -T m i ) = 0.015kg/sxl007J/kg-Kxl0°C = 151W (2) 

Oconv = 2h A s (T s — ) (3) 


where A s =HxL = 0.32m and h is obtained from Eq. 9.26, with Ra H = g/3 (T s -T^ )h 3 lav. 


h = —-! 

H 


0.825 + - 


0.387 RaJ^ 


1 + (0.492/Pr)' 


9/16 


8/27 


(3a) 


9 rad 


2 A s £ s <7 


/ 4_ 4 \ 

1 x s x sur ) 


(4) 


Substituting Eqs. (2) - (4) into (1) and solving using the IHT software with £ s = 0.15, we obtain 


T s =308.8 K = 35.8°C < 

The corresponding heat rates are q con v = 39.6 W and q rat j = 9.4 W. 

(b) For £ s = 0.90 and q c = 151 W, the solution to Eqs. (1) - (4) yields 

Continued. 




PROBLEM 9.28 (Cont.) 


T s = 301.8K = 28.8°C < 

with q con v = 18.7 W and q ra( i = 30.3 W. Hence, enhanced emission from the surface yields a lower 
operating temperature and heat transfer by radiation now exceeds that due to conduction. 

(c) With loss of coolant flow, we can expect all of the heat to be dissipated from the sidewalls (q c = 
0). Solving Eqs. (1), (3) and (4), we obtain 

£ s = 0.15: T s =341.8 K = 68.8°C < 

q conv = 165.9 W, q rad =34.1W 

£ s = 0.90: T s =322.5 K = 49.5°C < 

9conv = 87.6 W, q rad =112.4W 

Since the temperature of the electronic components exceeds that of the sidewalls, the value of T s = 
68.8°C corresponding to £ s = 0.15 may be unacceptable, in which case the high emissivity coating 
should be applied to the walls. 

COMMENTS: For the foregoing cases the convection coefficient is in the range 3.31 < h < 5.31 

2 

W/m K, with the smallest value corresponding to (q c = 151 W, £ s = 0.90) and the largest value to (q c 

2 

= 0, £ s = 0.15). The radiation coefficient is in the range 0.93 < h ra( i < 5.96 W/m K, with the smallest 
value corresponding to (q c = 151 W, £ s = 0.15) and the largest value to (q c = 0, £ s = 0.90). 



PROBLEM 9.29 


KNOWN: Dimensions, interior surface temperature, and exterior surface emissivity of a refrigerator 
door. Temperature of ambient air and surroundings. 

FIND: (a) Heat gain with no insulation, (b) Heat gain as a function of thickness for polystyrene 
insulation. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible thermal resistance of steel and 
polypropylene sheets, (3) Negligible contact resistance between sheets and insulation, (4) One¬ 
dimensional conduction in insulation, (5) Quiescent air. 

PROPERTIES: Table A.4, air (T f = 288 K): v = 14.82 x 10 6 m 2 /s, a = 20.92 x 10 6 m 2 /s, k = 0.0253 
W/m-K, Pr = 0.71, P = 0.00347 K 1 . 


ANALYSIS: (a) Without insulation, T Sj0 = T si = 278 K and the heat gain is 
9 wo = hA s (Too - T s j ) + £<7A s (T sur - j j 

where A s = HW = 0.65 m 2 . With a Rayleigh number of Ra H = g/3 (t^ - T si ) H 3 lav =9.8 m/s 2 (0.00347 
K ‘)(20 K)(1)V(20.92 x 10 6 m 2 /s)(14.82 x 10 6 m 2 /s) = 2.19 x 10 9 , Eq. 9.26 yields 

d/6 


Nu H = 


0.825+ - 


0.387 (2.19x10^ j 


1 +(0.492/0.71)' 


9/16 


n8/27 


= 156.6 


h = Nuh (k/H) = 156.6(0.0253 W/m ■ K/lm) = 4.0W/m 2 ■ K 

q wo = 4.0 w/m 2 • K (o.65 m 2 )(20 K) + 0.6(5.67x 10“ 8 w/m 2 • K 4 ) (o.65 m 2 )(298 4 -278 4 ) K 4 

q WO = (52.00 +42.3) W = 94.3W < 

(b) With the insulation, T Sj0 may be determined by performing an energy balance at the outer surface, 
where q CO nv + c l rad = Ocond > or 



Using the IHT First Law Model for a Nonisothermal Plane Wall with the appropriate Correlations and 
Properties Tool Pads and evaluating the heat gain from 


Continued... 



PROBLEM 9.29 (Cont.) 


q w = 


Ms 

L 




the following results are obtained for the effect of L on T s o and q w . 



Insulation thickness, L(m) 



The outer surface temperature increases with increasing L, causing a reduction in the rate of heat transfer 
to the refrigerator compartment. For L = 0.025 m, h = 2.29 W/m 2 K, h rad = 3.54 W/m 2 -K, q conv = 5.16 W, 
q rad - 7.99 W, q w = 13.15 W, and T s , 0 = 21.5°C. 

COMMENTS: The insulation is extremely effective in reducing the heat load, and there would be little 
value to increasing L beyond 25 mm. 




PROBLEM 9.30 


KNOWN: Air receiving tank of height 2.5 m and diameter 0.75 m; inside air is at 3 atm and 100°C 
while outside ambient air is 25°C. 


FIND: (a) Receiver wall temperature and heat transfer to the ambient air; assume receiver wall is T s = 
60°C to facilitate use of the free convection correlations; (b) Whether film temperatures T fji and T f , 0 were 
reasonable; if not, use an iteration procedure to find consistent values; and (c) Receiver wall 
temperatures, T Sji and T s 0 , considering radiation exchange from the exterior surface (£ s o = 0.85) and 
thermal resistance of the wall (20 mm thick, k = 0.25W/m K); represent the system by a thermal circuit. 


SCHEMATIC: 


L,/=100°C 
Pi = 3atm 



W =10 ° ° C 

Pi = 3 atm 


k/VA- 


UJ 


T oo 0 = 25 °C 
p 0 - 1 atm 


Receiver wall 

ASSUMPTIONS: (1) Surface radiation effects are negligible, parts (a,b), (2) Losses from top and 
bottom of receiver are negligible, (3) Thermal resistance of receiver wall is negligible compared to free 
convection resistance, parts (a,b), (4) Interior and exterior air is quiescent and extensive. 


PROPERTIES: Table A-4 , Air (assume T f , 0 = 315 K, 1 atm): v = 1.74 x 10 5 m 2 /s, k = 0.02741 W/m-K, 
a = 2.472 x 10 5 m 2 /s, Pr =0.7049; Table A-4 , Air (assume T fji = 350 K, 3 atm): v =2.092 X 10 5 m 2 /s/3= 
6.973 x 10 6 m 2 /s, k = 0.030 W/m-K, a = 2.990 x 10 5 m 2 /s/3 = 9.967 x 10' 6 m 2 /s, Pr = 0.700. Note that 
the pressure effect is present for v and a since p(l atm) = l/3p(3 atm); other properties (c p , k, p) are 
assumed independent of pressure. 


ANALYSIS: The heat transfer rate from the 
receiver follows from the thermal circuit. 


AT T^j-T^ 

R t l/h 0 A s +l/hiA s 


A s (T^i Too o) ... 
7=-s(l) 


1/ho+l/hi 


10,1= 100°C T S T OO;0 = 25°C 



hjA s h 0 A s 


where h Q and hj must be estimated from free convection correlations. We must assume a value of T s in 
order to obtain first estimates for AT C = T s -T^ 0 and ATj = T^ G - T s as well as T f o and T f ] . Assume 
that T s = 60°C, then AT 0 = 60 - 25 = 35°C, T f , 0 = 315 K and AT; = 100 - 60 = 40°C, and T |; , = 350 K. 


Ra L,o = 


gfiATL 3 

va 


9.8m/s 2 (l/315K)x35K(2.5m) 3 
1.74xl0~ 5 m 2 /sx 2.472xlO -5 m 2 /s 


3.952xl0 10 


Ra L,i 


9.8m/s 2 (l/350K)x40K(2.5m) 3 
6.973xl0~ 6 m 2 /sx9.967xl0~ 6 m 2 /s 


2.518X10 11 


Approximating the receiver wall as a vertical plate, Eq. 9.26 yields 


Continued... 



PROBLEM 9.30 (Cont.) 


Nu L ,o = 


0.825 + - 


0.387Ra 


1/6 

L,o 


l + (0.492/Pr)' 


9/16 


8/27 


0.825 + - 


0.387 |3.952xl0 10 j 1/6 


— h L4 L 
NuL,i =- 


0.825 + - 


/ 11\ 1/6 
0.387(2.518xl0 ii J 


1 +(0.492/0.7049) 

2 

= 706.4 


9/16 


-|8/27 


= 390.0 


1 +(0.492/0.700)' 


9/16 


8/27 


0.02741 W/m-K / 2 

h Lo =--- x 390.0 = 4.27 W/m-K 


0.030 W/m-K / 9 

h Li =--- x 706.4 = 8.48 W/m-K 


1 1 
42T7 848 


m 2 /K ■ W = 1225W 


2.5m ’ 2.5m 

From Eq. (1), 

q = 7rx0.75mx2.5m(l00-25)Ky 

Also, 

T s = j -q/hi A s = 100°C -1255 w/(8.48w/m 2 ■ Kxttx 0.75 mx2.5m) = 74.9°C < 

(b) From the above result for T s , the computed film temperatures are 

Tf G = 323 K Tf j = 360 K 

as compared to assumed values of 315 and 350 K, respectively. Using IHT Correlation Tools for the 
Free Convection , Vertical Plate, and the thermal circuit representing Eq. (1) to find T s , rather than using 
as assumed value, 

T — T T — T 

1 °o,0 A S _ A S A oo,0 


l/h 0 i/h 0 

we found 

q = 1262 W T s = 71.4°C < 

with Tf i0 = 321K and 359 K. The iteration only influenced the heat rate slightly. 

(c) Considering effects due to thermal resistance of the tank wall and radiation exchange, the thermal 
resistance network representing the system is shown below. 




rAA/V^-* 


'CV,0 


le o 


Rcvj °wall 




R 


T. 


rad,o sur 


Continued 





PROBLEM 9.30 (Cont.) 


Using the IHT Model, Thermal Network, with the Correlation Tool for Free Convection, Vertical Plate, 
and Properties Tool for Air, a model was developed which incorporates all the foregoing equations of 
parts (a,b), but includes the thermal resistance of the wall, Table 3.3, 


Rwall _ 


MPj/Po) 

2/rLk 


D 0 = Dj + 2xt 


Continued... 


The results of the analyses are tabulated below showing for comparison those from parts (a) and (b): 


Part 

Kcv,i 

(K/W) 

R w 

(K/W) 

R-cv,o 

(K/W) 

Krad 

(K/W) 

T s ,i 

(°C) 

T s ,o 

(°C) 

q 

W 

(a) 

0.0200 

0 

0.0398 

oo 

74.9* 

74.9* 

1255 

(b) 

0.0227 

0 

0.0367 

oo 

71.4 

71.4 

1262 

(c) 

0.0219 

0.0132 

0.0419 

0.0280 

68.4 

49.3 

1445 


*Recall we assumed T s = 60°C in order to simplify the correlation calculation with fixed values of AT i? 
AT 0 as well as T fj0 , T f>i . 

COMMENTS: (1) In the table note the slight difference between results using assumed values for T f 
and AT in the correlations (part (a)) and the exact solution (part (b)). 

(2) In the part (c) results, considering thermal resistance of the wall and the radiation exchange process, 
the net effect was to reduce the overall thermal resistance of the system and, hence, the heat rate 
increased. 

(3) In the part (c) analysis, the IHT Thermal Resistance Network model was used to create the thermal 
circuit and generate the required energy balances. The convection resistances were determined from 
appropriate Convection Correlation Tools. The code was developed in two steps: (1) Solve the energy 
balance relations from the Network with assigned values for hj and h Q to demonstrate that the energy 
relations were correct and then (2) Call in the Convection Correlations and solve with variable 
coefficients. Because this equation set is very stiff, we used the intrinsic heat transfer function 
Tfluid_avg and followed these steps in the solution: Step (1): Assign constant values to the film 
temperatures, T fl and T fo , and to the temperature differences in the convection correlations, ATj and AT C ; 
and in the Initial Guesses table, restrain all thermal resistances to be positive (minimum value = le-20); 
Solve', Step (2): Allow the film temperatures to be unknowns but keep assigned variables for the 
temperature differences; use the Load option and Solve. Step (3): Repeat the previous step but allowing 
the temperature differences to be unknowns. Even though you get a "successful solve" message, repeat 
the Locid-Solve sequence until you see no changes in key variables so that you are assured that the Solver 
has fully converged on the solution. 



PROBLEM 9.31 

KNOWN: Dimensions and emissivity of cylindrical solar receiver. Incident solar flux. Temperature 
of ambient air. 

FIND: (a) Heat loss and collection efficiency for a prescribed receiver temperature, (b) Effect of 
receiver temperature on heat losses and collector efficiency. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Ambient air is quiescent, (3) Incident solar flux is uniformly 
distributed over receiver surface, (4) All of the incident solar flux is absorbed by the receiver, (5) 
Negligible irradiation from the surroundings, (6) Uniform receiver surface temperature, (7) Curvature 
of cylinder has a negligible effect on boundary layer development, (8) Constant properties. 

PROPERTIES: Table A-4, air (T f = 550 K): k = 0.0439 W/m-K, v = 45.6 x 10~ 6 m 2 /s, a = 66.7 x 
10' 6 m 2 /s,Pr = 0.683,/3= 1.82 x 10~ 3 K' 1 . 

ANALYSIS: (a) The total heat loss is 

0 = Orad + Oconv = A s + hA s (T s — ) 


With Ra L = g/3 (T s - Too)L 3 /va = 9.8 m/s 2 (1.82 x 10‘ 3 K' 1 ) 500K (12m) 3 /(45.6 x 66.7 x 10~ 12 mV) 
= 5.07 x 10 12 , Eq. 9.26 yields 


- k . 
h = — { 
L 


0.825+ - 


0.387 Ra 1 / 6 


1 +(0.492/Pr)' 


9/16 


8/27 


0.0439W/m-K r , 2 2 

> =-{0.825 + 42.4) =6.83 W/nC-K 

12m 


Hence, with A s = 7tDL - 264 m 


q = 264m 2 x0.2x5.67xl0~ 8 W/m 2 ■ K 4 (800K) 4 +264m 2 x6.83W/m 2 ■ K(500K) 
q = qrad+qconv=l-23xl0 6 W + 9.01xl0 5 W = 2.13xl0 6 W < 


With A s q” = 2.64X10 7 W, the collector efficiency is 


V = 


a s qs~q 

A s qs 


100 = 


( 2 - 


64x10 -2.13x10° W 


2.64x10 W 


(100) = 91.9% 


< 


Continued 




PROBLEM 9.31 (Cont.) 


(b) As shown below, because of its dependence on temperature to the fourth power, q rat j increases 
more significantly with increasing T s than does q conv , and the effect on the efficiency is pronounced. 




—Convection Receiver temperature, K 

-±- Radiation 
Total 


COMMENTS: The collector efficiency is also reduced by the inability to have a perfectly absorbing 
receiver. Partial reflection of the incident solar flux will reduce the efficiency by at least several 
percent. 





PROBLEM 9.32 


KNOWN: An experimental apparatus for measuring the local convection coefficient and the 
boundary layer temperature distribution for a heated vertical plate immersed in an extensive, 
quiescent fluid. 

FIND: (a) An expression for estimating the radiation heat flux from the sensor as a function of the 
surface emissivity, surroundings temperature, and the quantity (T s - Too); (b) Using this expression, 
apply the correction to the measured total heat flux, q^ ot , (see Table 1 below for data) to obtain the 
onvection heat flux, q" cv , and calculate the convection coefficient; (c) Calculate and plot the local 

convection coefficient, h x (x), as a function the x-coordinate using the similarity solution, Eqs. 9.19 
and 9.20; on the same graph, plot the experimental points; comment on the comparison between the 
experimental and analytical results; and (d) Compare the experimental boundary-layer air temperature 
measurements (see Table 2 below for data) with results from the similarity solution, Fig. 9.4(b). 
Summarize the results of your analysis using the similarity parameter, T|, and the dimensionless 

temperature, T' . Comment on the comparison between the experimental and analytical results. 

SCHEMATIC: 

Vertical, isothermal 
test plate, — 

T s , e = 0.05, 

qfot ( x ) 

Thin-film heat flux 

sensor and _ 

surface TC 



ASSUMPTIONS: (1) Steady-state conditions, (2) Test plate at a uniform temperature, (3) Ambient 
air is quiescent, (4) Room walls are isothermal and at the same temperature as the plate. 

PROPERTIES: Table A-4, Air (T f =(T S + Too)/2 = 303 K, 1 atm): v = 16.19 x 10' 6 m 2 /s, Pr = 0.707, 

P = 1/Tf. 

ANALYSIS: (a) The radiation heat flux from the sensor as a function of the surface emissivity, 
surroundings temperature, and the quantity (T s - Too) follows from Eqs. (1.8) and (1.9) 

Orad = hrad (^s ~ ^°° ) ^rad = e<7 (^s + Too ) (t s + j (1,2) 

where T sur = Too. Since T s ~ Too, h rac j ~ 4mT^ where T = (T s + T^ ) / 2. 

(b) Using the above expression, the radiation heat flux, q* ac j, is calculated. This correction is applied 
to the measured total heat flux, qj ot , to obtain the convection heat flux, q* v , from which the local 
convection coefficient, h x ex p is calculated. 

Qcv = Qtot _c lrad (3) 

hx,exp = ‘lev ! - T^) (4) 


Continued 







PROBLEM 9.32 (Cont.) 

The heat flux sensor data are given in the first row of the table below, and the subsequent rows 
labeled (b) are calculated using Eqs. (1, 3, 4). 

Table 1 

Heat flux sensor data and convection coefficient calculation results 


T,-T„ = 7.7 K 



x (mm) 

25 

75 

175 

275 

375 

475 

Data 

C (W/m 2 ) 

41.4 

27.2 

22.0 

20.1 

18.3 

17.2 

(b) 

d'L (W/m 2 ) 

2.28 

2.28 

2.28 

2.28 

2.28 

2.28 

(b) 

C (W/m 2 ) 

39.12 

24.92 

19.72 

17.82 

16.02 

14.92 

(b) 

h x , exp (W/nr-K) 

5.08 

3.24 

2.56 

2.31 

2.08 

1.94 

(c) 

h x , ss (W/nr-K) 

4.44 

3.37 

2.73 

2.44 

2.26 

2.13 


(c) The 
Nusselt 


similarity solution for the vertical surface, Section 9.4, provides the expression 
number in terms of the dimensionless parameters T ‘ and q. Using Eqs. (9.19) 

Nu x =- h ^ = (Gr x /4) 1/4 g(Pr) 

k 


for the local 
and (9.20), 

(5) 


g(Pr) 


0.75 Pr 1/2 


1/2 \l/4 

609 + 1.221 Pr /2 +1.238 Prj 


(°. 


( 6 ) 


where the local Grashof number is 

Gr x =g/3(T s -T„)x 3 /v 2 


(7) 


and the thermophysical properties are evaluated at the film temperature, Tf = (T s + T rxi )l2. Using the 
above relations in the IHT workspace along with the properties library for air, the convection 
coefficient h x ss is calculated for selected values of x. The results are shown in Table 1 above and the 
graph below compared to the experimental results. 



x-coordinate (mm) 
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PROBLEM 9.32 (Cont.) 


The experimental results and the calculated similarity solution coefficients are in good agreement. 
Except near the leading edge, the experimental results are systematically lower than those from the 
similarity solution. 


(d) The experimental boundary-layer air temperature measurements for three discrete y-locations at 
two x-locations are shown in the first two rows of the table below. From Eq. 9.13, the similarity 
parameter is 


n = y - 

x 


Gr Y 


\l/4 


V 


and the dimensionless temperature for the experimental data are 


T* — 

X exp 


[ T 

1 A oo 

T -T 

A S A oo 


Figure 9.4(b) is used to obtain the dimensionless temperature from the similarity solution, T* s , for the 
required values of r| and are tabulated below. 


Table 2 


Boundary-layer air temperature data and similarity solution results 


_ T x - = 7.3 K _ 

x = 200 mm, Gr x = 8.9xl0 6 x = 400 mm, Gr x = 7.2xl0 7 


y (mm) 

2.5 

5.0 

10.0 

2.5 

5.0 

10.0 

T(x,y) - ^ (K) 

5.5 

3.8 

1.6 

5.9 

4.5 

2.0 

T* 

exp 

0.753 

0.521 

0.219 

0.808 

0.616 

0.274 

V 

0.48 

0.97 

1.93 

0.41 

0.81 

1.63 

T* 

0.77 

0.55 

0.22 

0.79 

0.62 

0.28 


The experimentally determined dimensionless temperatures, T eX p, are systematically lower than 

those from the similarity solution T* s . The agreement is excellent at the x = 400 mm location, 

ranging from less than 1 % near the wall to 2% far from the wall. For the x = 200 mm location, nearer 
to the leading edge, where the boundary layer is thinner and the boundary layer temperature gradient 
is higher, the agreement is good, but near the wall the differences are larger. Note that for both x- 

locations far from the wall, Tg X p and T s * s are in excellent agreement. Would you have expected that 

behavior? 



PROBLEM 9.33 


KNOWN: Transformer which dissipates 1000 W whose surface is to be maintained at 47°C in 
quiescent air and surroundings at 27°C. 

FIND: Power removal (a) by free convection and radiation from lateral and upper horizontal surfaces 
and (b) with 30 vertical fins attached to lateral surface. 


SCHEMATIC: 



Transformer, 

D=0.3m, H=0.5m, 

1000VI dissipation 

Upper surface's 
of transformer 


-T s =47°c, &S--O.Q 


-Width, 

> 75mm 

Z^-Fin, 

^ thickness 
5mm,500mm 

* hn 9 f ^ 

£ s = 0.8 


ASSUMPTIONS: (1) Fins are isothermal at lateral surface temperature, T s , (2) Vertical fins and 
lateral surface behave as vertical plate, (3) Transformer has isothermal surfaces and loses heat only on 
top and side. 

PROPERTIES: Table A-4, Air (T f = (27+47)°C/2=310K, 1 atm): v = 16.90 x 10’ 6 m 2 /s, k = 27.0 x 

3 6 2 

10' W/mK, a = 23.98 x 10''m /s, Pr = 0.706, [3 = 1/T f . 

ANALYSIS: (a) For the vertical lateral (lat) and top horizontal (top) surfaces, the heat loss by 
radiation and convection is 

0 = Olat + Otop = (hlat + ^r DL (T s - T^ ) +( h tG p + hj- j ^71 D / 4 j (T s - T^ ) 
where, from Eq. 1.9, the linearized radiation coefficient is 
h r =£0 (T s +T 00 )|t s '^ +t£| 

h r =0.8x5.67xl0 _8 W/m 2 K 4 (320 + 300)K(320 2 +300 2 )k 2 =5.41W/m 2 K. 
The free convection coefficient for the lateral and top surfaces is: 

Lateral-vertical plate : Using Eq. 9.26 with 

gP(T s -T^)H 3 9.8m/ S 2 (l/310K)(47-27)K(0.5m) 3 
va 16.90xl0 _6 m 2 /sx23.98xl0 _6 m 2 /s 

l 2 

0.387Ra[ /6 

? q/1 .-i8/27 ' 

l + (0.492/Pr) 9/16 


h lat = Nu l ' k/H = 74.5x0.027W/m- K/0.5m= 4.02W/m 2 ■ K. 

Continued 







PROBLEM 9.33 (Cont.) 

Top-horizontal plate : Using Eq. 9.30 with 

7tD 2 /4 

L c = A S /P =-= D/4 =0.075m 

TtD 

g|3(T s -T^)L c 3 9.8m/s 2 (l/310K)(47-27)K(0.075m) 3 

va 16.90x 10 _6 m 2 / s x 23.98x 10 -6 m 2 / s 

N^ l =0.54Ra 1 L /4 =0.54^6.598x10^ j 1/4 =15.39 

h top =N^i L k/L c = 15.39x0.027W/mK/0.075m =5.54W/m 2 K. 

Hence, the heat loss by convection and radiation is 

q = (4.02 +5.41) W/m 2 ■K(Ttx0.30mx0.50m)(47-20)K 
+(5.54+ 5.41) W/m 2 ■ K^Tt x 0.30 2 m 2 /4)(47 - 20) K 

q = (88.9 + 15.5)W = 104W. < 

(b) The effect of adding the vertical fins is to increase the area of the lateral surface to 
A wf =[;tDH -30(t H)] +30 x2(w H) 

A w f = 7t0.30mx0.50m-30(0.005x0.500)m 2 +30x2 (0.075x0.500)m 2 

A wf =[0.471 -0.075]m 2 +2.25m 2 =2.646m 2 . 
where t and w are the thickness and width of the fins, respectively. Hence, the heat loss is now 
9 = Olat +c ltop = (hlat + ) A^ (T s - ) + qtop 

q = (4.02 +5.41) W / m 2 x2.646m 2 X20K + 15.5W = 515W. < 

Adding the fins to the lateral surface increases the heat loss by a factor of five. 

COMMENTS: Since the fins are not likely to have 100% efficiency, our estimate is optimistic. 
Further, since the fins see one another, as well as the lateral surface, the radiative heat loss is over 
predicted. 



PROBLEM 9.34 


KNOWN: Surface temperature of a long duct and ambient air temperature. 


FIND: Heat gain to the duct per unit length of the duct. 
SCHEMATIC: 



.s ->■ side .s of duct 
t ->■ top 
b-> bottom 


ASSUMPTIONS: (1) Surface radiation effects are negligible, (2) Ambient air is quiescent. 

6 2 

PROPERTIES: Table A-4, Air (T f = (Too + T s )/2 » 300K, 1 atm): v = 15.89 x K)" ’ m /s, k = 

6 2 

0.0263 W/mK, a = 22.5 x 10° m /s, Pr = 0.707, p = 1/T f . 


ANALYSIS: The heat gain to the duct can be expressed as 

q=2q / s +q' t +q' b =(2h s -H +h t W + h b -W)^-^). (1) 

Consider now correlations to estimate h s , h t , and h h . From Eq. 9.25, for the sides with L = H, 

R a L = ^ fEl2kifl = (l/300K)(35-10)Kx^(0-2mf =1 g 27xl0 ^ (2) 


va 


15.89xl0 _6 m 2 /sx22.5xl0 _6 m 2 /s 


Eq. 9.27 is appropriate to estimate h s , 


Nu l =0.68 + 


0.670Ra 


1/4 


1 +(0.492/Pr) 


9/16 


i4/9 


: 0.68 + - 


0.670 1.827x10'1 


1 +(0.492/0.707) 


9/16 


-|4/9 


: 34.29 


h s =Nu l -k/L = 34.29x0.0263W/m - K/0.2m = 4.5 1 W/m ■ K. 

(3) 

For the top and bottom portions of the duct, L = A s /P ~ W/2, (see Eq. 9.29), find the Rayleigh number 

6 

from Eq. (2) with L = 0.1 m, Rap = 2.284 x 10 . From the correlations, Eqs. 9.31 and 9.32 for the top 
and bottom surfaces, respectively, find 

J/3 


h t = 


(W/2) 


1/3 0.0263W/m ■ K _ / 

x0.15Ra| /J =-xO.15 2. 

L n \ 


h b =■ 


-x- 


0.1m 

0.0263W/m ■ K 


284xl0 6 j =5.17W/m 2 ■ K. (4) 


(2.: 


f-\U 4 r, 

x0.271 2.284x10° I =2.76W/m z K. 


(5) 


(W/2) 0.1m 

The heat rate, Eq. (1), can now be evaluated using the heat transfer coefficients estimated from Eqs. 
(3), (4), and (5). 




2x4.5 lW/trr ■ Kx0.2m + 5.17W/m z K x0.2m +2.76W/m Kx0.2m 


j(35 -10) 


K 


q' =84.8W/m. < 

COMMENTS: Radiation surface effects will be significant in this situation. With knowledge of the 
duct emissivity and surroundings temperature, the radiation heat exchange could be estimated. 



PROBLEM 9.35 


KNOWN: Inner surface temperature and dimensions of rectangular duct. Thermal conductivity, 
thickness and emissivity of insulation. 

FIND: (a) Outer surface temperatures and heat losses from the walls, (b) Effect of insulation thickness 
on outer surface temperatures and heat losses. 

SCHEMATIC: 



ASSUMPTIONS: (1) Ambient air is quiescent, (2) One-dimensional conduction, (3) Steady-state. 
PROPERTI E S: Table A.4, air (obtained from Properties Tool Pad of IHT). 

ANALYSIS: (a) The analysis follows that of Example 9.3, except the surface energy balance must now 
include the effect of radiation. Hence, q^ onc [ = c lconv + 4 rad > i n which case 

O^i A)(^s,l — T Sj 2) = hfe — X>o) + h r (T s ^ — T sur ) 

where h r = £<J (T s 2 + T sur j |T“ 0 + T s ^ r j. Applying this expression to each of the top, bottom and 

side walls, with the appropriate correlation obtained from the Correlations Tool Pad of IHT, the 
following results are determined for t = 25 mm. 

Sides: T s , 2 = 19.3°C, h = 2.82 W/m 2 K, h rad = 5.54 W/m 2 K 

Top: T s 2 - 19.3°C, h = 2.94 W/m 2 K, h rad = 5.54 W/m 2 K < 

Bottom: T s , 2 = 20.1°C, h = 1.34 W/m 2 K, h rad = 5.56 W/m 2 K 

With q" = qcond > the surface heat losses may also be evaluated, and we obtain 

Sides: q = 2Hq' = 21.6 W/m; Top: q = wq' = 27.0 W/m; Bottom: q =wq'= 26.2 W/m < 

(b) For the top surface, the following results are obtained from the parametric calculations 


Continued... 




PROBLEM 9.35 (Cont.) 




COMMENTS: Contrasting the heat rates of part (a) with those predicted in Comment 1 of Example 9.3, 
it is evident that radiation is significant and increases the total heat loss from 57.6 W/m to 74.8 W/m. As 
shown in part (b), reductions in T so and q' may be effected by increasing the insulation thickness above 
0.025 W/m-K, although attendant benefits diminish with increasing t. 




PROBLEM 9.36 


KNOWN: Electric heater at bottom of tank of 400mm diameter maintains surface at 70°C with 
engine oil at 5°C. 

FIND: Power required to maintain 70°C surface temperature. 


SCHEMATIC: 


Tank, - 

D-^-OOmm 




[VVVVVVXA/l 


0,7, T^S°C 


-Jl = 70°C 


ASSUMPTIONS: (1) Oil is quiescent, (2) Quasi-steady state conditions exist. 


-6 2 , 


PROPERTIES: Table A-5, Engine Oil (T f = (Too + T s )/2 = 310K): v = 288 x 10 m /s, k = 
0.145 W/m-K, a = 0.847 x 10" ? m7s, (3 = 0.70 x 10' 3 K -1 . 

ANALYSIS: The heat rate from the bottom heater surface to the oil is 
q = hA s (T^-T 00 ) 

where h is estimated from the appropriate correlation depending upon the Rayleigh number RaL, 
from Eq. 9.25, using the characteristic length, L, from Eq. 9.29, 

x2 


L = ^ 
P 


7tD 

The Rayleigh number is 


JtlfrM D 
~~ 4 


0.4m 


:0.1m. 


Rap = 


gp(T s -T 00 )L J 

va 

. 2 . 


9.8m/s z x0.70xl0 3 K 1 (70-5)Kx0.1 J nr 7 

Ra L =--= 1.828xl0 / . 

288xl0 _t) m z /sxO.847x10 / m / /s 


,3 3 


Tlie appropriate correlation is Eq. 9.31 giving 

Nu l = —= 0.15Ra[ j /3 = 0.1511.828x10' 
k 


1/3 


= 39.5 


h = —Nu 
L 


L 


0.145W/m • K 
0.1m 


x39.5 = 57.3W/m z ■ K. 


The heat rate is then 


q = 57.3W/m 2 - K(7t/4)(0.4m) 2 (70-5)K = 468W. < 

COMMENTS: Note that the characteristic length is D/4 and not D; however, A s is based upon D. 

Recognize that if the oil is being continuously heated by the plate, T>o could change. Hence, here we 
have analyzed a quasi-steady state condition. 



PROBLEM 9.37 


KNOWN: Horizontal, straight fin fabricated from plain carbon steel with thickness 6 mm and length 
100 mm; base temperature is 150°C and air temperature is 26°C. 


FIND: (a) Fin heat rate per unit width, q'f , assuming an average fin surface temperature T s = 125°C 
for estimating free convection and linearized radiation coefficient; how sensitive is qp to the assumed 
value for T s ?; (b) Compute and plot the heat rate, qp as a function of emissivity 0.05 < £ < 0.95; show 
also the fraction of the total heat ratio due to radiation exchange. 


SCHEMATIC: 


T b = 150°C 



Air 

'i'7'oo = 25 °Cf 


t = 6mm 


ASSUMPTIONS: (1) Air is quiescent medium, (2) Surface radiation effects are negligible, (3) One 
dimensional conduction in fin, (4) Characteristic length, L c = A s /P = £L (2d + 2L)~L/2. 


PROPERTIES: Plain carbon steel, Given ^Tfj n « 125°C ~ 400K j: k = 57 W/m- K, £ = 0.5 ; Table A- 

4, Air (T f =(T fin +T 00 )/2 = (l25 + 25)°C/2= 350 K, 1 atm): v = 20.92 x 10 6 m 2 /s, a = 29.9 x 10 6 
m 2 /s, k = 0.030 W/m-K, Pr = 0.70, |3 = 1/T f . 

ANALYSIS: (a) We estimate h as the average of the values for a heated plate facing upward and a 
heated plate facing downward. See Table 9.2, Case 3(a) and (b). Begin by evaluating the Rayleigh 
number, using Eq. 9.29 for L c . 

g(S(T fin -T 00 )L 3 c 9.8m/s 2 (1/350K)(125-25)Kx(0.1 m/2) 3 ccn _ in5 

K a L =-=--—- ——-— -= J.JyjX tU 

va 20.92 xl0“ 6 m 2 /sx 29.9 xl0“ 6 m-/s 

An average fin temperature of Tfj n ~ 125°C has been assumed in evaluating properties and Ra L . 
According to Table 9.2, Eqs. 9.30 and 9.32 are appropriate. For the upper fin surface, Eq. 9.30, 

Nul =hL c /k = 0.54RaL 4 =0.54 ^5.595 xl0 5 ) 1/4 =14.77 

h U pper =NuLk/L c = 14.77x0.030 W/m-K/0.05m = 8.86 w/m 2 -K. 

For the lower fin surface, Eq. 9.32, 

N^L = hL/k = 0.27RaL 4 =0.27(5.595 x10 5 ) 1M =7.384 

hjower = k/L = 7.384x 0.030 W/m -K/0.05 m = 4.43 w/m 2 - K. 

The linearized radiation coefficient follows from Eq. 1.9 

h r = e<7 ( lfj n + T sur ) ( l) : [ n + T sur j 

h r = 0.5 x5.67 xl0“ 8 w/ m 2 • K 4 (398 + 298)(398 2 + 298 2 jx 3 = 4.88 w/ m 2 - K 


Continued 



PROBLEM 9.37 (Cont.) 

Hence, the average heat transfer coefficient for the fin is 

h = (h upper + h lower )jl + h r = [(8.86 + 4.43)/2 + 4.88] w/m 2 - K = 11.53 w/m 2 • K 

Assuming the fin experiences convection at the tip, from Eq. 3.72, 
qf = Mtanh(mL) 

M = (hPkA c ) 1/2 0 b =^11.53w/m 2 •Kx2fx57W^m-K^6xlO _3 mx/ijj 1/ " (l50-25)K = 352.1 W 

m = (h P/k A c ) 1/2 = (l 1.53 w/m 2 - Kx2 tj 57 W/m • K(6xl0“ 3 mx = 8.236m“ 1 

mL = 8.236m ^x0.1m = 0.824 

q( =q f /f = 352.1 W/mxtanh(0.824) = 238 W/m. < 

To determine how sensitive the estimate for h is to the choice of the average fin surface temperature, the 
foregoing calculations were repeated using the IHT Correlations Tool and Extended Surface Model and 
the results are tabulated below; coefficients have units W/m 2 - K, 

125 135 

4.43 4.54 

8.86 9.08 

4.88 5.11 

11.5 11.9 

238 245 


The temperature distribution for the Tp in = 125 C case is shown above. With Tp n = 145 C , the tip 

temperature is about 2°C higher. It appears that Tfj n =125°C was a reasonable choice. Note Tp in 
is the value at the mid length. 

(b) Using the IHT code developed for part (a), the fin heat rate, q f , was plotted as a function of the 
emissivity. In this analysis, the convection and radiation coefficients were evaluated for an average fin 
temperature Tfj n evaluated at L/2. On the same plot we have also shown rad (%) = (h r /h) xlOO, which 
is the portion of the total heat rate due to radiation exchange. 


145 


150 

4.64 

o 



*1 

140 

9.28 

H 1 

CD 


5.35 

2 

130 

12.3 

Q. 

CD 

E 

120 

252 

CD 

H 

110 



Tfin(°c) 

^upper 
h lo w er 

h r 

h 

q"(W/m) 



- Fin heat rate, qf (W/m) 

—e— Percent radiation, rad (%) 





PROBLEM 9.38 


KNOWN: Width and thickness of sample material. Rate of heat dissipation at bottom surface of 
sample and temperatures of top and bottom surfaces. Temperature of quiescent air and surroundings. 

FIND: Thermal conductivity and emissivity of the sample. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional conduction in sample, (3) Quiescent air, (4) 
Sample is small relative to surroundings, (5) All of the heater power dissipation is transferred through 
the sample, (6) Constant properties. 

PROPERTIES: Table A-4, air (T f = 335.5K): v = 19.5 x 10" 6 m 2 /s, k = 0.0289 W/m-K, a = 27.8 x 
10~ 6 m 2 /s, Pr = 0.703, /3 = 0.00298 K' 1 . 


ANALYSIS: The thermal conductivity is readily obtained by applying Fourier’s law to the sample. 
Hence, with q = P e i e c, 


P pW /W 2 70W / (0.250m) 

k = - elec - — =---— = 0.560W/m-K 

(T 1 -T 2 )/L 50°C/0.025m 


< 


The surface emissivity may be obtained by applying an energy balance to a control surface about the 
sample, in which case 


Peiec — Oconv + 0 rad — 


h (T 2 - |t 4 - T< 4 


sur 


W" 


(p elec /W 2 )-h(T 2 -T„) 
o-(t|-T s 4 u1 ) 

With L - A s /P = W 2 /4W = W/4 = 0.0625m, Ra L = g/3(T 2 - To„) L 3 /va = 9.86 x 10 5 and Eq. 9.30 
yields 


- Nu, k k 1/4 0.0289W/m-K 

h =-= — 0.54Ra;' 4 = 0.54 


L 


L 


0.0625m 


/ 5\ 1/4 2 

(9.86x10^ J = 7.87 W/m 2 ■ K 


Hence, 

70 W/ (0.250m) 2 -7.87 W /m 2 ■ K(75°C) 

£ — --r-— 0.815 

5.67 x 10 -8 W / m 2 ■ K 4 1373 4 - 298 4 J K 4 


COMMENTS: The uncertainty in the determination of £ is strongly influenced by uncertainties 
associated with using Eq. 9.30. If, for example, h is overestimated by 10%, the actual value of £ 
would be 0.905. 




PROBLEM 9.39 

KNOWN: Diameter, power dissipation, emissivity and temperature of gage(s). Air temperature 
(Cases A and B) and temperature of surroundings (Case A). 

FIND: (a) Convection heat transfer coefficient (Case A), (b) Convection coefficient and temperature 
of surroundings (Case B). 

SCHEMATIC: 

^ .XXX>Q&5&5&X 

Tsur = 25°C I 




T = 67°C 
e = 0.8 


C5L> ^ = 27°C 
q = 10.8 W 


/ 


/ sur P 

^ C$L> Too=17°C 

qi = 9.70 W q 2 = 5.67 W 


D = 0.160 m - 


T = 77°C 
si 


0.8 

m. 


\ / 


K- D = 0.160 m ->1 


T = 77°C 
£ 2 = 0.1 


ASSUMPTIONS: (1) Steady-state, (2) Quiescent air, (3) Net radiation exchange from surface of 
gage approximates that of a small surface in large surroundings, (4) All of the electrical power is 
dissipated by convection and radiation heat transfer from the surface(s) of the gage, (5) Negligible 
thickness of strip separating semi-circular disks of Part B, (6) Constant properties. 

PROPERTIES: Table A-4 , air (T £ p 320K): V = 17.9 x 10' 6 m 2 /s, a = 25.5 x 10' 6 m 2 /s, k = 0.0278 
W/m-K, Pr = 0.704, j8 = 0.00313 K . 

ANALYSIS: (a) With q = q conv + q rad = P e i ec and A s = 7tD 2 /4 = 0.0201 m 2 , 


P elec ~ £a A 


(t 4 -t, 4 „) 


2 4 


10.8 W-0.8x5.67x10 W/m K x0.0201m 340 -300 K 


(340 4 -300 4 ) 


4 t 4 




= 7.46 W/m" K 


0.0201 m" (40 K) 


With L = A s /P=D/4=0.04 m and Ra L = g/3 (T - T ra )L 3 /va = 1.72 x 10 5 , Eq. 9.30 yields 


0.0278 W/m-Kx0 


.54 ^1. 


5 \ 1/4 

72x10 I 

---= 7.64 W/m 2 -K 


— k i/4 

h =-0.54 Raj = 

L 0.04m 

Agreement between the two values of h is well within the uncertainty of the measurements. 

(b) Since the semi-circular disks have the same temperature, each is characterized by the same 
convection coefficient and q CO nv.l = qconv,2- Hence, with 


^elec,1 9conv,l + £\ C ( A s / 2) |t T sur j 

Pelec,2 = 9conv,2 + £ 2 & ( A s ! 2)|t — T sur j 

| =|(350) 4 - 


( 1 ) 

( 2 ) 


T 

A sur 


(£l-£ 2 )(7( A s /2)J 


nl/4 


4.03 W 


0.7x5.67x10 8 W/m 2 • K 4 x0.01 m 2 


T sur = 264 K 


From Eq. (1), the convection coefficient is then 
_ P elec,l “ £ l cr ( A s /2 )( t4 _T sur) 

^meas — 77 77772 7 \ 

(A s /2)(T-T co ) 


9.70 W-4.60 W 2 

= 8.49 W /m • K 


(0.01x60)m 2 • K 


/ 5 \ 1/4 

.5412.58x10 I 


= 8.46 W/m-K 


With Ra L = 2.58 x 10', Eq. 9.30 yields 

- k i/a 0.0278 W/m-K 

h =-0.054 Raj =-0 

L 0.04m 

Again, agreement between the two values of h is well within the experimental uncertainty of the 
measurements. 

COMMENTS: Because the semi-circular disks are at the same temperature, the characteristic length 
corresponds to that of the circular disk, L = D/4. 



PROBLEM 9.40 


KNOWN: Horizontal, circular grill of 0.2m diameter with emissivity 0.9 is maintained at a uniform 
surface temperature of 130°C when ambient air and surroundings are at 24°C. 

FIND: Electrical power required to maintain grill at prescribed surface temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Room air is quiescent, (2) Surroundings are large compared to grill surface. 

PROPERTIES: Table A-4, Air (T f = (T m + T s )/2 = (24 + 130)°C/2 = 350K, 1 atm): v = 20.92 x 10 
6 m 2 /s, k = 0.030 W/mK, a = 29.9 x l(f 6 m7s, (3 = \/T f . 

ANALYSIS: The heat loss from the grill is due to free convection with the ambient air and to 
radiation exchange with the surroundings. 

q = A s h(T s -Too)+£G |t s - T sur j . (1) 


Calculate RaL from Eq. 9.25, 

R a L = (Ts — Too )L c /voc 

9 

where for a horizontal disc from Eq. 9.29, L c = A s /P = (ttD /4 )/tiD = D/4. Substituting numerical 
values, find 

_ 9.8m/s 2 (l/350K)(l30-24)K(0.25m/4) 3 _ 6 

Raj^ - t—-t— -—1.158x10 . 

20.92 xlO -6 m 2 / s X29.9 xlO -6 m 2 / s 


Since the grill is an upper surface heated, Eq. 9.30 is the appropriate correlation, 
- _ 1 / A I ^ \1 /4 


Nu l =h L L c /k = 0.54Ra^= 0.54 1.158xl0 u =17.72 


h L = Nu L k/L c = 17.72x0.030W/m- K/(0.25m/4)= 8.50W/m 2 - K. 


Substituting from Eq. (2) for h into Eq. (1), the heat loss or required electrical power, q e i ec , is 


q =— (0.25m)- 8.50-(l30-24)K + 0.9X5.67xlO 


2 ^ 
m ■ K 


-8 W 

2 „4 
m • K 


|(l30 + 273 ) 4 - (24 + 273 ) 4 j K 4 


q = 44.2W + 46.0W = 90.2W. < 

COMMENTS: Note that for this situation, free convection and radiation modes are of equal 
importance. If the grill were highly polished such that £ « 0.1, the required power would be reduced by 
nearly 50%. 





PROBLEM 9.41 


KNOWN: Plate dimensions and maximum allowable temperature. Free stream temperature. 
FIND: Maximum allowable power dissipation. 


SCHEMATIC: 


<^Ajr?Zo=300K pelec 



'S? S S 7 S 7 7 7 s y 

[<— - L - l.Zm 


"£= 3 50K 
A s =144m2 


ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible heat loss 
from sides and bottom, (4) Isothermal plate. 

PROPERTIES: Table A-4, Air (T f = 325K, 1 atm): v = 18.4 x 10' 6 m 2 /s, k = 0.028 W/m-K, a 
= 26.2 x 10‘ 6 m 2 /s. 

ANALYSIS: The power dissipated by convection is 
Pelec = C 1 = h A s (T s - Too) • 

With L = A s / P = (l.2m) 2 /4(1.2m) = 0.3m 

_ g[3 (T s -Too)L 3 _ 9.8m/s 2 (325K) _1 (50K)(0.3m) 3 
Ra p- - - — -- 

va 118.4x 10 -6 m 2 /s j I 26.2x 10 _6 m 2 / s I 


Ra L = 8.44x10k 

With the upper surface heated, Eq. 9.31 yields 
N u, = — = 0.15Ra) /3 = 65.8 

L \r L 


r o 0.028W/m-K , . 2 

h = 65.8-= 6.14W/m z ■ K 

0.3m 

and the power dissipated is 

q = 6.14W/m 2 K(l.2m) 2 (5OK) 


Pelec =q = 442W. < 

2 

COMMENTS: This result corresponds to an average surface heat flux of 442 W/1.44 m = 307 
2 2 

W/m = 0.03 W/cm , which is extremely small. Heat dissipation by free convection in this manner is 

2 

a poor option compared to the heat flux with forced convection (Uoo = 15 m/s) of 0.15 W/cm 




PROBLEM 9.42 


KNOWN: Material properties, inner surface temperature and dimensions of roof of refrigerated 
truck compartment. Solar irradiation and ambient temperature. 

FIND: Outer surface temperature of roof and rate of heat transfer to compartment. 


SCHEMATIC: 


q‘s - 750 W/m 2 qconv E r- T s 0 , s = a s = 0.5 

<CS?> \ \ / / ' w = 3 - 5m 

Too = 32°C 4. 

i-,- 10 - _ ti = 5 mm 

Urethane foam \ / i""7 1 f 

kj = 0.026 W/m-K qcond | | t 2 -50mm 

Aluminum alloy - —/ - 7 r ^ - ^ mm 

k p = 180 W/m-K T s | = -10°C 


^ CrrAAAA*-AVV^—AV\A^* 

/ t-|/k p t 2 /kj Vk p 


ASSUMPTIONS: (1) Negligible irradiation from the sky, (2) T s o > (hot surface facing upward) 

7 

and RaL > 10 , (3) Constant properties. 

PROPERTIES: Table A-4 , air (p = 1 atm, T f » 310K): V = 16.9 x 10' 6 m 2 /s, k = 0.0270 W/m-K, Pr 
= 0.706, a= v/Pr = 23.9 x 10' 6 m 2 /s, /3 = 0.00323 K' 1 . 

ANALYSIS: From an energy balance for the outer surface, 


9conv ® 9cond 


T -T 

A S,1 


* S G S - h ( T s,o - ^ ^ 

2R p +Ri 


where R p = (q/k p ) = 2.78x10 5 m 2 -K/W and R[ = (t 2 /k t ) = 1.923 m 2 • K/W. For a hot surface 

( \ 3 7 — 

Tsq-T^JL /av>10 , h is obtained from Eq. 9.31. Hence, with 


cancellation of L, 


h = —0.15 Ra} /3 = 0.15x0.0270 W / m • K 
L 


9.8 m/s 2 x 0.00323 K 1 
16.9x23.9xl0 _12 m 4 /s 2 


(t -t y 

\ 1 S,0 L oo J 


= 1.73 W/m 2 -K 4/3 (t s o -305k) 


Hence, 


I 2 1 24/3/ \4 / 3 -8 244 

0.5 I 750 W/m K 1-1.73 W/m K (T s q - 305) -0.5x5.67x10 W/m • K T s Q = - 


-5 \ 2 

5.56x10 + 1.923 m K/W 


Solving, we obtain 


T s 0 = 318.3K = 45.3°C 


(45.3 + 10) o C 

Hence, the heat load is q = (W ■ L t )q^ on( j = (3.5mxl0m)---= 1007W < 

1.923m- - K/W 

COMMENTS: (1) The thermal resistance of the aluminum panels is negligible compared to that of 
the insulation. (2) The value of the convection coefficient is h = 1.73 (t s 0 -T^ ) 1/3 =4.10W/m 2 K. 






PROBLEM 9.43 


KNOWN: Inner surface temperature and composition of a furnace roof. Emissivity of outer surface and 
temperature of surroundings. 

FIND: (a) Heat loss through roof with no insulation, (b) Heat loss with insulation and inner surface 
temperature of insulation, and (c) Thickness of fire clay brick which would reduce the insulation 
temperature, T inSii , to 1350 K. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction through the composite 
wall, (3) Negligible contact resistance, (4) Constant properties. 

PROPERTIES: Table A-4 , Air (T f - 400 K, 1 atm): k = 0.0338 W/m-K, v = 26.4 x 10' 6 m 2 /s, a = 38.3 
x 10 6 m 2 /s, Pr = 0.69, p = (400 K)' 1 = 0.0025 K 1 ; Table A-l , Steel 1010 (600 K): k = 48.8 W/m-K; 
Table A-3 Alumina-Silica blanket (64 kg/m 3 , 750 K): k = 0.125 W/m-K; Table A-3, Fire clay brick (1478 
K): k= 1.8 W/m-K. 


ANALYSIS: (a) Without the insulation , the thermal circuit is 


R rad 


T s,i 


7 . 


s,o_ 


dcond 


1 I hA 


Too ~ Tsur 


L-| / k^A L 3 lk 3 A 
Performing an energy balance at the outer surface, it follows that 

Ocond = ^conv + Orad 7 ,. . T 7, 7~ = (^s,o — + (t s 0 — T sur j (1,2) 

L 1 /k 1 A + L3/k 3 A V ’ > 

where the radiation term is evaluated from Eq. 1.7. The characteristic length associated with free 

convection from the roof is, from Eq. 9.29 L = A s /P = 16irc/l 6 m = lm . From Eq. 9.25, with an 

assumed value for the film temperature, T f = 400 K, 

gjS (X, 0 - T^ ) L 3 9.8 m/s 2 (o.0025 K -1 )(T S)0 -T 00 )(l m) 3 


Rar = 


va 


Hence, from Eq. 9.31 
k 
L 


26.4x10 6 m 2 /sx38.3xl0 6 m 2 /s 


h = ^ 0.ISRa 1 / 3 = °- Q338 ^ W/ m ' K Q. 15^2.42x 10 7 ) 1/3 (t s o -T^) 173 = 1.47(T so -Tj” W/m 2 • K.(3) 


= 2.42xl0 7 (T s 0 — Tqo ) 


Continued... 




PROBLEM 9.43 (Cont.) 

The energy balance can now be written 

(l700-T so )K 


(0.08m/1.8 W/m ■ K + 0.005m/48.8 W/m ■ K) 


= 1.47 (T so - 298 K) 


4/3 


+0.3x5.67x10 8 w/m 2 K 


T s 4 o-(298K) z 


and from iteration, find T s 0 ~ 895 K. Hence, 


q = 16m 2 jl.47 (895-298) 


4/3 w/m 2 +0.3x5.67x10 8 w/m 2 -K 4 


(895 K) 4 - (298 K) 4 J j 


q = 16m 2 {7,389+ 10,780} w/m 2 = 2.91xl0 5 W . 


(b) With the insulation, an additional conduction resistance is provided and the energy balance at the 
outer surface becomes 


T • -T 

A S,1 A S,0 


L 1 /k 1 A + L 2 /k 2 A + L 3 /k 3 A 
(l700-T s , o )K 


— hA(T S 0 Tx, ) + £(ja|t S i0 T S ur j 


(4) 


(0.08m/l.8+ 0.02/0.125+ 0.005/48.8)m 2 K/W 


= 1.47(T Sj0 -298K) 


4/3 


+0.3x5.67x10 8 w/ m 2 • K 4 


T s 4 0 -(298K) 4 


From an iterative solution, it follows that T s o ~ 610 K. Hence, 

q = 16m 2 |l.47(610-298) 4/3 w/m 2 +0.3x5.67xl0“ 8 w/m 2 • K 4 (610K) 4 - (298 K) 4 J 


q = 16m 2 {3111 + 2221}w/m 2 = 8.53xl0 4 W. 

The insulation inner surface temperature is given by 

T -T • 

A s,i Ans,i 


q = 


Ll/kjA 


Hence 


T i ns,i=-q7 J T + \ i =-8.53xl0 4 W- 
k] A 


0.08 m 


- + 1700K = 1463 K . 


1.8W/m-Kxl6m 

(c) To determine the required thickness Li of the fire clay brick to reduce T ins ,i = 1350 K, we keyboarded 
Eq. (4) into the IHT Workspace and found 


Lj = 0.13 m. 


COMMENTS: (1) The accuracy of the calculations could be improved by re-evaluating thermophysical 
properties at more appropriate temperatures. 

(2) Convection and radiation heat losses from the roof are comparable. The relative contribution of 
radiation increases with increasing T s o , and hence decreases with the addition of insulation. 


(3) Note that with the insulation, T ins ,i = 1463 K exceeds the melting point of aluminum (933 K). Hence, 
molten aluminum, which can seep through the refractory, would penetrate, and thereby degrade the 
insulation, under the specified conditions. 



PROBLEM 9.44 

KNOWN: Dimensions and emissivity of top surface of amplifier. Temperature of ambient air and large 
surroundings. 

FIND: Effect of surface temperature on convection, radiation and total heat transfer from the surface. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Quiescent air. 

PROPERTI E S: Table A.4, air (Obtained from Properties Tool Pad of IHT). 

ANALYSIS: The total heat rate from the surface is q = q con v + q ra d- Hence, 

q = hA s (T s — Tqo ) + £<7A s |t s — T sur j 

2 2 

where A s = L” = 0.25 irf. Using the Correlations and Properties Tool Pads of IHT to evaluate the 
average convection coefficient for the upper surface of a heated, horizontal plate, the following results 
are obtained. 



Surface temperature, Ts(C) 


r - - P - Total heat rate, q 

- Convection heat rate, qconv 

- Radiation heat rate, qrad 


Over the prescribed temperature range, the radiation and convection heat rates are virtually identical and 
the heat rate increases from approximately 66 to 153 W. 

COMMENTS: A surface temperature above 50°C would be excessive and would accelerate electronic 
failure mechanisms. If operation involves large power dissipation (> 100 W), the receiver should be 
vented. 




PROBLEM 9.45 

KNOWN: Diameter, thickness, emissivity and initial temperature of silicon wafer. Temperature of 
air and surrounding. 

FIND: (a) Initial cooling rate, (b) Time required to achieve prescribed final temperature. 

SCHEMATIC: 





Silicon wafer 

Tj = 598 K, T f = 323 K 
D = 150 mm, e = 0.65 

5 = 1 mm 


ASSUMPTIONS: (1) Negligible heat transfer from side of wafer, (2) Large surroundings, (3) Wafer 
may be treated as a lumped capacitance, (4) Constant properties, (5) Quiescent air. 

PROPERTIES: Table A-1, Silicon (T = 187°C = 460K): p = 2330 kg/m 3 , c p = 813 J/kg-K, k = 87.8 
W/m-K. Table A-4 , Air (T f>i = 175°C = 448K): V = 32.15 x 10' 6 m7s, k = 0.0372 W/m-K, a = 46.8 x 
10‘ 6 m7s, Pr = 0.686, /3 = 0.00223 K' 1 . 

SOLUTION: (a) Heat transfer is by natural convection and net radiation exchange from top and 

2 2 

bottom surfaces. Hence, with A s = 7tD /4 = 0.0177 m , 


(h,+h b )(Ti-T 00 ) + 2£<T(T i 4 -4 r ) 


where the radiation flux is obtained from Eq. 1.7, and with L = A s /P = 0.0375m and RaL = g/3 (Tj - 

3 5 

T^) L lav = 2.30 x 10 , the convection coefficients are obtained from Eqs. 9.30 and 9.32. Hence, 

h,=f(0.54Rai /4 )= ft0372W/mKxll - 8 = n,7W/m 2 .K 
1 LV L / 0.0375m 


0.0375m 
l/ 4 \ 0.0372 W/ m - Kx5.9 


L 

h h = —(o.27Ra} /4 ) = . =5.9W/m z -K 

D LV L / 0.0375m 


q = 0.0177 m 


(l 1.7 + 5.9) W / m 2 • K (300K)+ 2 x0.65x 5.67 xlO ' W /m 2 • K 4 ^598 4 - 298 4 j K 4 


q = 0.0177 m" 


(5280 + 8845) W/m^ 


= 250W 


(b) From the generalized lumped capacitance model, Eq. 5.15, 


A S dT 

pcA s <5 —= ■ 

dt 


f T dT = -f' 

JTi JO 


(h t + hb) (T - )+2eo- (T 4 - T s f, r ) 

(h t +h b )(T-T M )+2 OT (T 4 -T 4 r ) 


A. 


pc 8 


dt 


Continued 






PROBLEM 9.45 (Cont.) 


Using the DER function of IHT to perform the integration, thereby accounting for variations in h t 
and h b with T, the time tf to reach a wafer temperature of 50°C is found to be 


t f (T = 320K) = 181s 


< 



Tim e, t(s) 



Time, t(s) 

—•— Natural convection from top surface 
—Natural convection from bottom surface 
Radiation from top or bottom surface 


As shown above, the rate at which the wafer temperature decays with increasing time decreases due to 
reductions in the convection and radiation heat fluxes. Initially, the surface radiative flux (top or 
bottom) exceeds the heat flux due to natural convection from the top surface, which is twice the flux 
due to natural convection from the bottom surface. However, because q* ad and q” nv decay 
4 5/4 , 

approximately as T and T , respectively, the reduction in q rad with decreasing T is more 
pronounced, and at t = 181s, q* ad is well below q” nv t and only slightly larger than q” nv b . 

COMMENTS: With h r j = eo (Tj + T sur )^Tf + T sar j = 14.7 W / m 2 • K, the largest cumulative 

— — — 2 

coefficient of h tot = h r j + h t ; = 26.4 W / m “ ■ K corresponds to the top surface. If this coefficient is 

used to estimate a Biot number, it follows that Bi = h tot (<$ / 2)/ k =1.5x10 4 □ 1 and the lumped 
capacitance approximation is excellent. 




PROBLEM 9.46 


KNOWN: Pyrex tile, initially at a uniform temperature T ; = 140°C, experiences cooling by convection 
with ambient air and radiation exchange with surroundings. 


FIND: (a) Time required for tile to reach the safe-to-touch temperature of T f = 40°C with free 
convection and radiation exchange; use T = (Tj + T f )/2 to estimate the average free convection and 

linearized radiation coefficients; comment on how sensitive result is to this estimate, and (b) Time-to- 
cool if ambient air is blown in parallel flow over the tile with a velocity of 10 m/s. 


SCHEMATIC: 



ASSUMPTIONS: (1) Tile behaves as spacewise isothermal object, (2) Backside of tile is perfectly 
insulated, (3) Surroundings are large compared to the tile, (4) For forced convection situation, part (b), 
assume flow is fully turbulent. 

PROPERTIES: Table A.3, Pyrex (300 K): p = 2225 kg/m 3 , c p = 835 J/kg-K, k = 1.4 W/m-K, £ = 0.80 
(given); Table A.4, Air (T f = (T s + )/l = 330.5 K, 1 atm) : v = 18.96 x 10 6 m 2 /s, k = 0.0286 W/m-K, a = 

27.01 x 10 6 m 2 /s, Pr = 0.7027, |3 = 1/T f . 


ANALYSIS: (a) For the lumped capacitance system with a constant coefficient, from Eq. 5.6, 


TstO-T, 

Tj -T^ 


: exp 


hA s 

pVc 


where h is the combined coefficient for the convection and radiation processes, 


and 


h — h cv + h rac | 


A s = L 


V = L 2 d 


(1) 

( 2 ) 

(3,4) 


The linearized radiation coefficient based upon the average temperature, T s , is 
T s = (Tj + T f )/2 = (140 + 40)° C/2 = 90°C = 363 K 

■>( 


(5) 

^rad = £f7 (T s + Tsur ) ^T, +Tsur) (6) 

h rad =0.8x5.67x10^ w/m 2 -K 4 (363 +298)(363 2 + 298 2 )k 3 =6.61 w/m 2 K 


The free convection coefficient can be estimated from the correlation for the flat plate, Eq. 9.30, with 


Rar = 


g/jATL^ 

va 


L = A c / P = L / 4L = 0.25L 


(7,8) 


Continued... 



PROBLEM 9.46 (Cont.) 


Ra L = 


9.8 m/s 2 (l/330K)(363 - 298)K (0.25 x 0.200m) 3 _ 4 ?u x 1() 5 


18.96x10 6 m 2 /sx27.01x10 6 m 2 /s 


— l/4 / 5 \V 4 

Nu L = 0.54Ra^ = 0.54U.712xl0 I = 14.18 


h cy = Nu L k/L = 14.18 x0.0286 W/m K/0.25 x0.200 m = 8.09 w/m 2 K 
From Eq. (2), it follows 

h = (6.61 + 8.09) w/m 2 - K = 14.7 w/ m 2 - K 
From Eq. (1), with A S /V = 1/d, where d is the tile thickness, the time-to-cool is found as 


40-25 

-= exp 

140-25 


14.7W/m • Kxt 


f 


2225 kg/ rn x 0.010 m x 835 J/ kg • K 


tf = 2574s = 42.9 min ^ 

Using the IHT Lumped Capacitance Model with the Correlations Tool, Free Convection, Flat Plate, we 
can perform the analysis where both h cv and h rad are evaluated as a function of the tile temperature. The 
time-to-cool is 

tf = 2860s = 47.7 min ^ 

which is 10% higher than the approximate value. 

(b) Considering parallel flow with a velocity, u ;x3 = 10 m/s over the tile, the Reynolds number is 

u^L 10 m/s x 0.200m g 

Re L = —^— =- L -— r = 1.055 xlCr 

v 18.96xl0 -6 m 2 /s 

but, assuming the flow is turbulent at the upstream edge, use Eq. 7.41 to estimate h cv , 

Nu L = 0.037 Re^ 5 Pr 1 / 3 = 0.037 (l.055 xlO 5 ^ 5 (0.7027) ! / 3 = 343.3 

h cv = Nu L k/L = 343.3 x 0.0286 W/m • K/0.200m = 49.1 w/m 2 K 
Hence, using Eqs. (2) and (1), find 

h = 57.2 W / m 2 - K t f = 661s = ll.Omin < 


COMMENTS: (1) For the conditions of part (a), 
Bi = hd/k= 14.7 W/m 2 K x 0.01m / 1.4 W/m-K = 
0.105. We conclude that the lumped capacitance 
analysis is marginally applicable. For the 
condition of part (b), Bi = 0.4 and, hence, we need 
to consider spatial effects as explained in Section 
5.4. If we considered spatial effects, would our 
estimates for the time-to-cool be greater or less 
than those from the foregoing analysis? 

(2) For the conditions of part (a), the convection 
and radiation coefficients are shown in the plot 
below as a function of cooling time. Can you use 
this information to explain the relative 
magnitudes of the t f estimates? 



1000 2000 3000 



Elapsed cooling time, t (s) 


Average coefficient, part (a) 

Variable coefficient, hcv + hrad, part (b) 
Convection coefficient, hcv 
Radiation coefficient, hrad 




PROBLEM 9.47 


KNOWN: Stacked IC boards within a duct dissipating 500 W with prescribed air flow inlet 
temperature, flow rate, and internal convection coefficient. Outer surface has emissivity of 0.5 and is 
exposed to ambient air and large surroundings at 25°C. 


FIND: Develop a model to estimate outlet temperature of the air, T m Q , and the average surface 
temperature of the duct, T s , following these steps: (a) Estimate the average free convection for the 
outer surface, h D , assuming an average surface temperature of 37°C; (b) Estimate the average 
(linearized) radiation coefficient for the outer surface, h rac j, assuming an average surface temperature 

of 37°C; (c) Perform an overall energy balance on the duct considering (i) advection of the air flow, 
(ii) dissipation of electrical power in the ICs, and (iii) heat transfer from the fluid to the ambient air 
and surroundings. Express the last process in terms of thermal resistances between the fluid and the 

mean fluid temperature, T m , and the outer temperatures Too and T sur ; (d) Substituting numerical 
values into the expression of part (c), calculate T m o and T s ; comment on your results and the 
assumptions required to develop your model. 


SCHEMATIC: 


<&> 

T m ,i = 25°C -> 

V= 1.2 m 3 /min 


TT 


Tour — T, 


sur ~ 1 oo VJoo 


Air 

Tm = 25°Cr 


T s , h 0 , h rad , E = 0.5 


iT^ 

^ X 


V 


Square duct, H = w = 150 mm ' P e | ec = 500 W L = 0.5 


Tm.o 

H> 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible potential energy, kinetic energy and 
flow work changes for the internal flow, (3) Constant properties, (4) Power dissipated in IC boards 
nearly uniform in longitudinal direction, (5) Ambient air is quiescent, and (5) Surroundings are 
isothermal and large relative to the duct. 

PROPERTIES: Table A-4 , Air (T f = (T s + Too)/2 = 304 K): v = 1.629 x 10~ 5 m 2 /s, a = 2.309 X 10 
5 m 2 /s, k = 0.0266 W/m-K, |3 = 0.003289 K 1 , Pr = 0.706. 

ANALYSIS: (a) Average, free-convection coefficient over the duct. Heat loss by free convection 
occurs on the vertical sides and horizontal top and bottom. The methodology for estimating the 
average coefficient assuming the average duct surface temperature T s = 37°C follows that of 
Example 9.3. For the vertical sides, from Eq. 9.25 with L = H, find 

„ g/S(T s -T^)H 3 

Ray =--- 3 - 

va 


9.8 m/s 2 xO.003289 K _1 (37-25)Kx(0.150 m) 3 , 

Ra L =-~-- = 3.47 x 10' 

1.629X10 -5 m 2 /sx2.309x!0~W/s 


The free convection is laminar, and from Eq. 9.27, 


Nu L =0.68 + 


0.670 Ra 


1/4 


1 + (0.492 /Pr)' 


9/16 


-|4/9 


Continued 





PROBLEM 9.47 (Cont.) 


Nu t =^i = 0.68 + - 


0.670x(3.47xl0 6 j 
1 + (0.492/0.706 ) 9/U 


= 23.2 


h v =4.11 W/m ■ K 

For the top and bottom surfaces, L c = (A s /P) = (w x L)/(2w + 2L) = 0.0577 m, hence, RaL = 1.974 x 
10 5 and with Eqs. 9.30 and 9.32, respectively, 


Top surface: 


Nu t = o.54 RaJ /4 ; 


li t =5.25 W/m z ■ K 


Bottom surface: 


N = V^L 
L k 


0.27 Rai 


h b =2.62 W / m ■ K 


The average coefficient for the entire duct is 

h CY O =(2h v +h t +h b )/2 = (2x4.11 + 5.25 + 2.62)W/m 2 ■ K = 4.02 W/m 2 K < 

(b) Average (linearized) radiation coefficient over the duct. Heat loss by radiation exchange between 
the duct outer surface and the surroundings on the vertical sides and horizontal top and bottom. With 
T s = 37°C, from Eq. 1.9, 


h rad — e<7 (T s + Tsur )(^s + T sur j 


h rnH =0.5x5.67x10 8 W/m 2 K 4 


(310 + 298)( 


310 2 +298 2 


)k 3 =3. 


2 W /m • K 


(c) Overall energy balance on the fluid in the duct. The control volume is shown in the schematic 
below and the energy balance is 

R in — E out + Eg en = 0 

— Oadv + Eelec ~ Oout = 0 (1) 

The advection term has the form, with m = Vp, 

Oadv = r ^ lc p (Tm,o ~ T m j) (2) 

and the heat rate q out is represented by the thermal circuit shown below and has the form, with T sur = 


T -T 

A m 


R cv,i + (i/ 

R cv,o +1 / R ra d) 


where T m is the average mean temperature of the fluid, (T m j + T m o )/2. The thermal resistances are 
evaluated with A s = 2(w + H) L as 

R cv,i = l/hiA s (4) 

Rcv.o-l/hcv.oAs (5) 


R cv,o ~ o A s 
R rad = l/h r ad A s 


Continued 




PROBLEM 9.47 (Cont.) 

Using this energy balance, the outlet temperature of the air can be calculated. From the thermal 
circuit, the average surface temperature can be calculated from the relation 

Qout = (T;m ~T S )/R cv j (7) 



(d) Calculating T m o and T s . Substituting numerical values into the expressions of Part (c), find 

Tm,o= 4 5.7°C T S =34.0°C < 

The heat rates and thermal resistance results are 

q adv = 480.5 W q out =19.5 W 

R cvi =0.020 K/W R cv ,o =0.250 K/W R rad = 0.313 K/W 

COMMENTS: (1) We assumed T s = 37°C for estimating h cv 0 and h rad , whereas from the energy 
balance we found the value was 34.0°C. Performing an interative solution, with different assumed T s 
we would find that the results are not sensitive to the T s value, and that the foregoing results are 
satisfactory. 

(2) From the results of Part (d) for the heat rates, note that about 4% of the electrical power is 
transferred from the duct outer surface. The present arrangement does not provide a practical means 
to cool the IC boards. 

(3) Note that T ma < T s < T m0 . As such, we can’t utilize the usual log-mean temperature (LMTD) 
expression, Eq. 8.45, in the rate equation for the internal flow analysis. It is for this reason we used 
the overall coefficient approach representing the heat transfer by the thermal circuit. The average 
surface temperature of the duct, T s is only used for the puiposes of estimating h cv 0 and h rad . We 
represented the effective temperature difference between the fluid and the ambient/surroundings as 
T m -Tqo. Because the fluid temperature rise is not very large, this assumption is a reasonable one. 







PROBLEM 9.48 


KNOWN: Parallel flow of air over a highly polished aluminum plate flat plate maintained at a uniform 
temperature T s = 47°C by a series of segmented heaters. 


FIND: (a) Electrical power required to maintain the heater segment covering the section between Xi = 
0.2 m and x 2 = 0.3m and (b) Temperature that the surface would reach if the air blower malfunctions and 
heat transfer occurs by free, rather than forced, convection. 

SCHEMATIC: 



ASSUMPTIONS : (1) Steady-state conditions, (2) Backside of plate is perfectly insulated, (3) Flow is 
turbulent over the entire length of plate, part (a), (4) Ambient air is extensive, quiescent at 23°C for part 
(b). 

PROPERTIES: Table A.4, Air (T f = (T s + TJ/2 = 308K): \) = 16.69 x 10 6 m 2 /s, k = 0.02689 W/m-K, 
a = 23.68 x 10 6 m 2 /s, Pr = 0.7059, (3 = 1/T f ; Table A.12, Aluminum, highly polished: £ = 0.03. 


ANALYSIS: (a) The power required to maintain the segmented heater (x 2 - x 2 ) is 

P e =h x l-x2( x 2- x l) w ( T s- T oo) (1) 

where h x ] _ x 2 the average coefficient for the section between xi and x 2 can be evaluated as the average 
of the local values at x 2 and x 2 , 

h x l-x2 = (h ( x i) + h (x 2 ))/ 2 (2) 

Using Eq. 7.37 appropriate for fully turbulent flow, with Re x = u m x Ik, 

Nu xl =0.0296 Re x /5 Pr 1/3 

/ _ , A4/5 

Nu xl = 0.0296 


10m/sx0.2m 


16.69xl0~ 6 m 2 /s 


(0.7059) 173 =304.6 


h xl = Nu xl k/x 1 =304.6x0.02689W/mK/0.2m = 40.9w/m 2 K 


Nu x2 =421.3 h x2 = 37.8 w/m 2 ■ K 
Hence, from Eq (2) to obtain hxl_ x 2 an4 Eq- (1) to obtain P e , 

h x l-x2 = (40.9 + 37.8) w/m 2 - k/ 2 = 39.4 w/ m 2 - K 

P e = 39.4 w/ m 2 ■ K (0.3 -0.2) mx 0.2m (47 -23)° C = 18.9 W < 


Continued... 



PROBLEM 9.48 (Cont.) 


(b) Without the airstream flow, the heater segment experiences free convection and radiation exchange 
with the surroundings, 


Pe = 


hcv (Ts T 0 o) + £°'|t s T sur j (x2 Xj)w 


(3) 


We will assume that the free convection coefficient, h cv , for the segment is the same as that for the 
entire plate. Using the correlation for a flat plate, Eq. 9.30, with 


Ra L = 

va 



0.2x0.5m 2 
2(0.2 + 0.5)m 


0.0714 m 


and evaluating properties at T f = 308 K, 

_9.8m/s 2 (l/308K)(47-23)(0.0714m) 3 _ 

R a L - t—-t— y- 1 ~ - 7.033x10' 

16.69xl0“ b m/s 2 x23.68xl0“ b m 2 /s 


Nu L =0.54R al L /4 =0.54(7.033xl0 5 ) 14 =15.64 


'cv 


Nul k/L c = 15.64x0.02689 W/m-K/0.0714m = 5.89 W/m z -K 


Substituting numerical values into Eq. (3), 


18.9W = 


5.89 W/ m* 


•K(T S -296)+0.03x5.67x10 8 w/m 2 K 4 (t s 4 -296 4 ) (0.3-0.2) 


T s =447K = 174 C 


)mx0.2m 

< 


COMMENTS: Recognize that in part (b), the assumed value for T f = 308 K is a poor approximation. 
Using the above relations in the IHT work space with the Properties Tool, find that T s = 406 K = 133 °C 
using the properly evaluated film temperature (T f ) and temperature difference (AT) in the correlation. 

— / 2 2 

From this analysis, h cv = 8.29 W/ m~ • K and h rad = 0.3 W/m K. Because of the low emissivity of the 
plate, the radiation exchange process is not significant. 



PROBLEM 9.49 


KNOWN: Correlation for estimating the average free convection coefficient for the exterior surface 
of a long horizontal rectangular cylinder (duct) exposed to a quiescent fluid. Consider a horizontal 
0.15 m-square duct with a surface temperature of 35°C passing through ambient air at 15°C. 

FIND: (a) Calculate the average convection coefficient and the heat rate per unit length using the H- 
D correlation, (b) Calculate the average convection coefficient and the heat rate per unit length 
considering the duct as formed by vertical plates (sides) and horizontal plates (top and bottom), and 
(c) Using an appropriate correlation, calculate the average convection coefficient and the heat rate per 
unit length for a duct of circular cross-section having a diameter equal to the wetted perimeter of the 
rectangular duct of part (a). Do you expect the estimates for parts (b) and (c) to be lower or higher 
than those obtained with the H-D correlation? Explain the differences, if any. 


SCHEMATIC: 



H = w = 0.15 m 


T s = 35°C 


ASSUMPTIONS: (1) Steady-state conditions, (2) Ambient air is quiescent, (3) Duct surface has 
uniform temperature. 

PROPERTIES: Table A-4, air (T f = (T s + Too)/2 = 298 K, 1 atm): v = 1.571 x 10' 5 m 2 /s, k = 0.0261 
W/m-K, a = 2.22 x 10' 5 m 2 /s, Pr = 0.708. 


ANALYSIS: (a) The Hahn-Didion (H-D) correlation [ASHRAE Proceedings, Part 1, pp 262-67, 
1972] has the form 


Nu p =0.55 Raj/ 4 


d/8 


Ra p <10 7 


where the characteristic length is the half-perimeter, p = (w + H), and w and H are the horizontal 
width and vertical height, respectively, of the duct. The thermophysical properties are evaluated at 
the film temperature. Using IHT , with the correlation and thermophysical properties, the following 
results were obtained. 


Ra p 

Nu D 

hp (w / m 2 • K j 

q p (W/m) 

5.08 x 10 7 

42.6 

3.71 

44.5 


where the heat rate per unit length of the duct is 
q' p = h p 2(H + w)(T s -T„). 

(b) Treating the duct as a combination of horizontal (top: hot-side up and bottom : hot-side down) and 
two vertical plates (v) as considered in Example 9.3, the following results were obtained 

h t h b h v h hv q' hv 

(W/m 2 -K) (W/m 2 -K) (W/m 2 -K) (W/m 2 -K) (W/m) 

5.62 2.81 4.78 4.50 54.0 


Continued 


< 



PROBLEM 9.49 (Cont.) 

where the average coefficient and heat rate per unit length for the horizontal-vertical plate duct are 
h hv =( h t +hb +2h v )/4 
Ohv = hhv 2 (H + w) (T s — T^). 

(c) Consider a circular duct having a wetted perimeter equal to that of the rectangular duct, for which 
the diameter is 

kD = 2(H + w) D = 0.191 m 

Using the Churchill-Chu correlation, Eq. 9.34, the following results are obtained. 


Rao 

Nu D 

h D (w/m 2 K) 

q' D (W/m) 


1.31 x 10 7 

30.6 

4.19 

50.3 

< 


where the heat rate per unit length for the circular duct is 
q D = 71 D h D (T s - ). 

COMMENTS: (1) The H-D correlation, based upon experimental measurements, provided the 
lowest estimate for h and q'. The circular duct analysis results are in closer agreement than are those 
for the horizontal-vertical plate duct. 

(2) An explanation for the relative difference in h and q values can be drawn from consideration of 
the boundary layers and induced flows around the surfaces. Viewing the cross-section of the square 
duct, recognize that flow induced by the bottom surface flows around the vertical sides, joining the 
vertical plume formed on the top surface. The flow over the vertical sides is quite different than 
would occur if the vertical surface were modeled as an isolated vertical surface. Also, flow from the 
top surface is likewise modified by flow rising from the sides, and doesn’t behave as an isolated 
horizontal surface. It follows that treating the duct as a combination of horizontal-vertical plates (hv 
results), each considered as isolated, would over estimate the average coefficient and heat rate. 

(3) It follows that flow over the horizontal cylinder more closely approximates the situation of the 
square duct. However, the flow is more streamlined; thinnest along the bottom, and of increasing 
thickness as the flow rises and eventually breaks away from the upper surface. The edges of the duct 
disrupt the rising flow, lowering the convection coefficient. As such, we expect the horizontal 
cylinder results to be systematically higher than for the H-D correlation that accounts for the edges. 



PROBLEM 9.50 


KNOWN: Straight, rectangular cross-sectioned fin with prescribed geometry, base temperature, and 
environmental conditions. 


FIND: (a) Effectiveness considering only free convection with average coefficient, (b) Effectiveness 
considering also radiative exchange, (c) Finite-difference equations suitable for considering local, rather 
than average, values. 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) One-dimensional conduction 
in fin, (4) Width of fin much larger than length, w » L, (5) Uniform heat transfer coefficient over length 
for Parts (a) and (b). 


PROPERTIES: Table A-l, Aluminum alloy 2024-T6 (T ~ (45 + 25) / 2 = 35 ° C ~ 300 K), k = 111 
W/m-K; Table A-ll , Aluminum alloy 2024-T6 (Given), £ = 0.82; Table A-4. Air (T f » 300 K), v = 
15.89 x 10 6 m 2 /s, k = 26.3 x 10 3 W/m-K, a = 22.5 x 10 6 m 2 /s, p = 1/T f = 33.3 x 10~ 3 K '. 


ANALYSIS: (a) The effectiveness of a fin is determined from Eq. 3.81 
£ = Of /hA c , b^b 

where h is the average heat transfer coefficient. The fin heat transfer follows from Eq. 3.72 

sinh mL + (h / mk) cosh mL 

q f =M----- 

cosh mL + (h / mk) sinh mL 


(1) 

( 2 ) 


\l/2 


where 

M = (hPkA c )^ 2 an( i m = (hP/kA c ) 1 '(3,4) 

Horizontal, flat plate correlations assuming T f = (T b + T^ ) / 2 ~ 300 K may be used to estimate h , Eqs. 


9.30 to 9.32. Calculate first the Rayleigh number 

3 
J c 


Ra L, 


SP (T S “ ^ ) L^. 


C va 


(5) 


where T s is the average temperature of the fin surface and L c is the characteristic length from Eq. 9.29, 


L = V 
c P 


Lxw __ L 
2L + 2w 2 


Substituting numerical values, 

9.8m/s 2 x 1 /300Kx (310 - 298) K (lOOx 10~ 3 / 2) m 3 


Ra L r 


22.5X10 -6 m 2 /sxl5.89xl0~ 6 m 2 /s 


= 1.37x10“ 


( 6 ) 


(7) 


Continued... 



PROBLEM 9.50 (Cont.) 

where T s ~ (T b + Tf ) / 2 = 310K. Recognize the importance of this assumption which must be justified 

for a precise result. Using Eq. 9.30 and 9.32 for the upper and lower surfaces, respectively, 

- XT k 0.0263 W/m-K r / 2 
h u = Nu l x— = --— = 5.47W/m-K 

c L„ 


l(l . 


.a/4 

Nu Lr = 0.54 (1.37 x 10 J I =10.4, 

\l/4 


(lOOxlO 8 / 2 ) m 


Nut 


/ 5 V' ^ 

= 0.27(1.37xlO 3 I =5.20, 


h(> = 2.73W/nU -K 
2 


The average value is estimated as h c = (h u + h^ )^2 = 4.10 W/m“- K . Using this value in Eqs. (3) and 
(4), find 

il/2 


M = 


4.10w/m 2 -K(2w)mxl77W/m-K(wx2xl0 3 )m 2 ~ (45-25)° C = 34. lw W 


m = (h c P/kA c ) 1/2 = 


4.1W/m 2 -K(2w)ny / 177W/m-K(wx2xl0 3 jm 2 


1/2 


= 4.81m 


-1 


Substituting these values into Eq. (2), with mL = 0.481 and q f /w = q£ . 


q’ f = 34.1 W/mx- 




sinh0.481 +1 4.1 W/m 2 • KM. 81 m 1 x 177 W/m 


. K ) 


cosh 0.481 


= 15.2 W/m 


cosh0.481+ (4.86x10 J Jsinh0.481 
and then from Eq. (1), the effectiveness is 

£ = 15.2W/mxwy4.1w/m 2 -K(wx2xl0~ 3 m)(45-25)°C = 92.7. < 

(b) If radiation exchange with the surroundings is considered, use Eq. 1.9 to determine 

h r = eo (T s + T sur )(t s 2 +T s 2 ur j = 0.82 x 5.67 xlO -8 w/m 2 • (310+ 298)(310 2 + 298 2 )K 3 = 5.23 w/m 2 K 

This assumes the fin surface is gray-diffuse and small compared to the surroundings. Using h = h c + h r 
where h c is the convection parameter from part (a), find h = (4.10 + 5.23) W /m 2 -K = 9.33 w/m 2 -K, 
M = 51.4w W, m = 7.26m - / q/ = 31.8 W/m giving 

£ = 85.2 < 

(c) To perform the numerical method, we used the IHT Finite Difference Equation Tool for 1-D, SS, 
extended surfaces. The convection coefficient for each node was expressed as 

htot.m = h u (Tm) + 'U (^m )/ 2 + h r (T m ) 

The effectiveness was calculated from Eq. (1) where the fin heat rate is determined from an energy 
balance on the base node. 


Of — Ocond + Ocv + Orad 

0b = Ocond = kA c (^b — ^1) ! Ax 


0a _ Ocv + Orad - htot,b (P • A w/2) (T b Tj n f ) 
htot.b = (h u (T b ) + (T b ))/2 + h r (T b ) 
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PROBLEM 9.50 (Cont.) 


The results of the analysis (15 nodes, Ax = L/15) 

q f = 33.6 W/m £ = 83.2 < 

COMMENTS: (1) From the analytical treatments, parts (a) and (b), considering radiation exchange 
nearly doubles the fin heat rate (31.8 vs. 15.2 W/m) and reduces the effectiveness from 92.7 to 85.2. The 
numerical method, part (c) considering local variations for h c and h rad , provides results for q' and £ which 
are in close agreement with the analytical method, part (b). 

(2) The IHT Finite Difference Equation Tool provides a powerful approach to solving a problem as 
tedious as this one. Portions of the work space are copied below to illustrate the general logic of the 
analysis. 


// Method of Solution: The Finite-Difference Equation tool for One-Dimensional, Steady-State 
Conditions for an extended surface was used to write 15 nodal equations. The convection and linearized 
radiation coefficient for each node was separately calculated by a User-Defined Function. 7 

// User-Defined Function - Upper surface convection coefficients: 

/* FUNCTION h_up ( Ts ) 

h_up = 0.0263/ 0.05 * NuLcu 

NuLcu = 0.54 * (11,421 * (Ts - 298) ) A 0.25 

RETURN h_up 

END 7 

// User-Defined Function - Linearized radiation coefficients: 

r FUNCTION h_rad ( Ts ) 

h_rad = 0.82 * sigma * (Ts + 298 ) * (Ts A 2 + 298 A 2 ) 
sigma = 5.67e-8 
RETURN h_rad 
END 7 


/* Node 1: extended surface interior node;e and w labeled 2 and b. 7 
0.0 = fd_1d_xsur_i(T1 ,T2,Tb,k,qdot,Ac,P,deltax,Tinf,htot1 ,q"a) 
q"a = 0 // Applied heat flux, W/m A 2; zero flux shown 

qdot = 0 

htotl = ( h_up(T1) + h_do(T 1)) / 2 + h_rad(T1) 

/* Node 2: extended surface interior node;e and w labeled 2 and b. 7 
0.0 = fd_1d_xsur_i(T2,T3,T1 ,k,qdot,Ac,P,deltax,Tint,htot2,q"a) 
htot2 = ( h_up(T2) + h_do(T2)) / 2 + h_rad(T2) 

/* Node 15: extended surface end node, e-orientation; w labeled inf. 7 

0.0 = fd_1 d_xend_e(T 15,T 14,k,qdot, Ac, P,deltax,Tinf, htotl 5,q"a,Tint,htotl 5,q"a) 

htotl 5 = ( h_up(T 15) + h_do(T 15)) / 2 + h_rad(T15) 


// Assigned Variables: 

Tb = 45 + 273 
Tinf = 25 + 273 
Tsur = 25 + 273 
L =0.1 
deltax = L/15 
k = 177 
Ac = t * w 
t = 0.002 
w = 1 
P = 2 * w 
Lc = L / 2 


// Base temperature, K 

// Ambient temperature, K 

// Surroundings temperature, K 

// Length of fin, m 

// Space increment, m 

//Thermal conductivity, W/m.K; fin material 

// Cross-sectional area, m A 2 

// Fin thickness, m 

// Fin width, m; unity value selected 

// Perimeter, m 

// Characteristic length, convection correlation, m 


// Fin heat rate and effectiveness 

qf = qcond + qcvrad 

qcond = k * Ac * (Tb - T1 ) / deltax 

qcvrad = htotb * P * deltax / 2 * ( Tb - Tinf) 

htotb = ( h_up(Tb) + h_do(Tb)) / 2 + h_rad(Tb) 

eff = qf / ( htotb * Ac * (Tb - Tinf)) 


// Pleat rate from the fin base, W 
// Pleat rate, conduction, W 
// Pleat rate, combined radiation convection, W 
// Total heat transfer coefficient, W/m A 2.K 
// Effectivenss 



PROBLEM 9.51 

KNOWN: Dimensions, emissivity and operating temperatures of a wood burning stove. Temperature of 
ambient air and surroundings. 

FIND: Rate of heat transfer. 


SCHEMATIC: 


D p = 0.25 m 



ASSUMPTIONS: (1) Steady-state, (2) Quiescent air, (3) Negligible heat transfer from pipe elbow, (4) 
Free convection from pipe corresponds to that from a vertical plate. 


PROPERTIES: Table A.4 , air (T f = 400 K): v = 26.41 x 10 6 m 2 /s, k = 0.0338 W/m-K, a = 38.3 x 10 6 
m 2 /s, |3 = 0.0025 K' 1 , Pr = 0.69. Table A.4 , air (T f = 350 K): v = 20.92 x 10 6 m 2 /s, k = 0.030 W/m-K, a 
= 29.9 x 10 6 m 2 /s, Pr = 0.70, p = 0.00286 K 1 . 


ANALYSIS: Three distinct contributions to the heat rate are made by the 4 side walls, the top surface, 
and the pipe surface. Hence q t = 4q s + q t + q p , where each contribution includes transport due to 
convection and radiation. 

9s = hs^s (t S; s — Tqo ) + h rac p s L s (T s s — T sur ) 
q t =htL s (T S;S — Too) + h ra( j ?s L s (T S s _ T sur ) 

9p = (^DpLp) (Ts, P — Too) + hrad,p ^DpLp j (T s p — T sur j 
The radiation coefficients are 

hrad,s =£< t(t s , s + T su1 -)|t ss +T sur j = 12.3w/m K 

hrad.p = e<7 (Ts,p + T sur j|T S p + T sur j = 7.9w/m ■ K 

For the stove side walls, Ra l s = g/5 (T s s — T^ jL^ jocv = 4.84 x 10 9 . Similarly, with (A s /P) = L 2 /4L S 

7 10 

= 0.25 m, Ra L , t = 7.57 x 10 for the top surface, and with L p = 2 m, Ra Lp = 3.59 x 10 for the stove pipe. 


For the side walls and the pipe, the average convection coefficient may be determined from Eq. 9.26, 
r 'i 2 


Nup = \ 0.825 + - 


0.387Ra^ /6 
l + (0.492/Pr) 9/16 


Continued... 



PROBLEM 9.51 (Cont.) 

which yields Nul.s = 199.9 and NuL.p = 377.6. For the top surface, the average coefficient may be 
obtained from Eq. 9.31, 

N^L =0.15RaJ^ /3 

which yields Nup.t =63.5. With h = Nu (k/L), the convection coefficients are 
h s = 6.8w/m 2 ■ K, h t = 8.6w/m 2 ■ K, h p =5.7w/m 2 -K 

Hence, 

q s = (h s + h rad s ) L 2 (T s s - 300 K) = 19.1 w/m 2 ■ K (l m 2 ) (200 K) = 3820 W 

q t = (h t + h rad s )L 2 (t s s — 300K) = 20.9 w/m 2 ■ K^lm 2 j(200K) = 4180 W 

q p =(h p +h rad;P )(^D p L p )(T s p -300K) = 13.6 w/m 2 x0.25mx2 m)(l00K) = 2140 W 
and the total heat rate is 

qtot = 4 qs+qt+qp = 21 > 600W < 


COMMENTS: The amount of heat transfer is significant, and the stove would be capable of 
maintaining comfortable conditions in a large, living space under harsh (cold) environmental conditions. 



PROBLEM 9.52 

KNOWN: Plate, lm x lm, inclined at 45° from the vertical is exposed to a net radiation heat flux of 
2 

300 W/m ; backside of plate is insulated and ambient air is at (PC. 

FIND: Temperature plate reaches for the prescribed conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Net radiation heat flux (300 W/m ) includes exchange with surroundings, (2) 
Ambient air is quiescent, (3) No heat losses from backside of plate, (4) Steady-state conditions. 


PROPERTIES: Table A-4, Air (assuming T s = 84°C, T f = (T s + Too)/2 = (84 + 0)°C/2 = 315K, 1 
6 2 6 2 
atm): v = 17.40 x 10" m7s, k = 0.0274 W/m-K, a = 24.7 x 10" ’ m7s, Pr = 0.705, [3 = 1/T f . 


ANALYSIS: From an energy balance on the plate, it follows that q^ad = ficonv- That is, the net 
radiation heat flux into the plate is equal to the free convection heat flux to the ambient air. The 
temperature of the surface can be expressed as 

T s = Xo + Orad (1) 

where lip must be evaluated from an appropriate correlation. Since this is the bottom surface of a 
heated inclined plate, “g” may be replaced by “g cos 0”; hence using Eq. 9.25, find 

gcosQp (T s -Too)L 3 9.8m/s 2 xcos45°(l/315K)(84-0)K(lm) 3 o 

RaL “- = - —7—, y- —7 —tr -= 4.30x 10 . 

va 17.40xl0 _ V 2 /sx24.7xl0 _ V 2 /s 

9 — 

Since Rap > 10 , conditions are turbulent and Eq. 9.26 is appropriate for estimating Nu p 


Nu L =< 


0.825+ ■ 


0.387Ra 


1/6 

L 


l + (0.492/Pr) 


9/16 


8/27 


( 2 ) 


Nu l =< 


0.825+ ■ 


0.387 4.30x10" 


1/6 


1 +(0.492/0.705) 


9/16 


8/27 


193.2 


hp = Nup k/L= 193.2x0.0274W/m-K/lm = 5.29W/m 2 ■ K. (3) 

Substituting hp from Eq. (3) into Eq. (1), the plate temperature is 

T s =0°C+300W/m 2 /5.29W/m 2 K =57°C. < 

COMMENTS: Note that the resulting value of T s ~ 57°C is substantially lower than the assumed 
value of 84°C. The calculation should be repeated with a new estimate of T s , say, 60°C. An alternate 
approach is to write Eq. (2) in terms of T s , the unknown surface temperature and then combine with 
Eq. (1) to obtain an expression which can be solved, by trial-and-error, for T s . 



PROBLEM 9.53 


KNOWN: Horizontal rod immersed in water maintained at a prescribed temperature. 
FEND: Free convection heat transfer rate per unit length of the rod, CRonv 

SCHEMATIC: 



ASSUMPTIONS: (1) Water is extensive, quiescent medium. 

PROPERTIES: Table A-6, Water (T f = (T s + XJ/2 = 310K): p = l/v f = 993.0 kg/m 3 , v = p/p = 
695 x 10‘ 6 N-s/m7993.0 kg/m 3 = 6.999 x 10' ? m7s, a = k/pc = 0.628 W/mK/993.0 kg/m x 4178 
J/kg-K = 1.514 x 10' 7 m 2 /s, Pr = 4.62, p = 361.9 x 10' 6 K' 1 . 


ANALYSIS: The heat rate per unit length by free convection is given as 

Oconv = ^D (T s -Too). 

To estimate h D , first find the Rayleigh number, Eq. 9.25, 

o p (t _t )d 3 9.8m/s 2 (361.9xl0 _6 K _1 )(56-18)K(0.005m) : 


Ra D = 


va 


6.999x10 7 m 2 /sxl.514x10 7 m 2 /s 


( 1 ) 


• = 1.587x10“ 


and use Eq. 9.34 for a horizontal cylinder. 


N u D = ’ 


0.60+ - 


0.387Ra 


1/6 

D 


l + (0.599/Pr) 


9/16 


8/27 


Nu 


D 


0.60+ - 


0.387 1.587x10“ 


1/6 


l + (0.599/4.62) 


9/16 


8/27 


10.40 


h D = Nu D k/D = 10.40x 0.628W/m - K/0.005m = 1306W/m 2 ■ K. (2) 

Substituting for h[) from Eq. (2) into Eq. (1), 

Oconv =1306W/m 2 Kxtt (0.005m)(56-18)K =780W/m. < 

COMMENTS: (1) Note the relatively large value of lip ; if the rod were immersed in air, the heat transfer coefficient 
2 

would be close to 5 W/m K. 


(2) Eq. 9.33 with appropriate values of C and n from Table 9.1 could also be used to estimate h[) . Find 

_ I c \0.25 

Nu d =CRa^ =0.48ll.587x10^1 =9.58 

h D = N)I D k/D = 9.58x0.628W/m-K/0.005m= 1203W/m 2 ■ K. 

By comparison with the result of Eq. (2), the disparity of the estimates is ~8%. 



PROBLEM 9.54 


KNOWN: Horizontal, uninsulated steam pipe passing through a room. 
FIND: Heat loss per unit length from the pipe. 



ASSUMPTIONS: (1) Pipe surface is at uniform temperature, (2) Air is quiescent medium, (3) 
Surroundings are large compared to pipe. 

PROPERTIES: Table A-4, Air (T f = (T s + Too)/2 = 350K, 1 atm): v = 20.92 x 1()" 6 m 2 /s, k = 0.030 
W/m-K, a = 29.9 x 10" 6 m 2 /s, Pr = 0.700, [3 = 1/T f = 2.857 x 10" 3 K" 1 . 


ANALYSIS: Recognizing that the heat loss from the pipe will be by free convection to the air and by 
radiation exchange with the surroundings, we can write 


0 - Oconv + Orad - ^ D 


(^s - ) + eo 



( 1 ) 


To estimate h D , first find Ra^ Eq. 9.25, and then use the correlation for a horizontal cylinder, Eq. 9.34, 

„ g[3(T s -T 00 )D 3 9.8m/s 2 (l/350K)(400-300)K(0.150m) 3 i 

Ra L =-=- =r -r--= 1.511x10 

va 20.92x10 O m z /sx29.9xl0 V z /s 

1 2 

0.387Ra 1 L /6 

r Q/ , r q8/27 ’ 

l + (0.559/Pr) 9/16 

( 7 \ 1/6 

0.38711.511x10 7 J 

? q/lfi -i8/27 

1 +(0.559/0.700 ) y/iD 

h D = Nud ' k/D = 31.88x0.030W/m - K/0.15m = 6.38W/m 2 ■ K. (2) 

Substituting for lip from Eq. (2) into Eq. (1), find 

q' = 7t (0.150m) 6.38W/m 2 • K(400-300)K +0.85x5.67xlO -8 W/m 2 • K 4 ( 400 4 - 300 4 )k 4 

q / = 301W/m+397W/m =698W/m. < 

COMMENTS: (1) Note that for this situation, heat transfer by radiation and free convection are of 
equal importance. 

(2) Using Eq. 9.33 with constants C,n from Table 9.1, the estimate for lip is 

0 333 

Nu d =CRa£ = 0.125(l.511xl0 7 ) ' =30.73 

h D =NuD k/D=30 - 73x0 - 030W/m ' K/0.150m = 6.15W/m 2 K. 

The agreement is within 4% of the Eq. 9.34 result. 


2 

= 31.88 


Nu d = < 0.60+ 


Nu d = < 0.60+ 



PROBLEM 9.55 


KNOWN: Diameter and outer surface temperature of steam pipe. Diameter, thermal conductivity, and 
emissivity of insulation. Temperature of ambient air and surroundings. 

FIND: Effect of insulation thickness and emissivity on outer surface temperature of insulation and heat 
loss. 


SCHEMATIC: See Example 9.4, Comment 2. 

ASSUMPTIONS: (1) Pipe surface is small compared to surroundings, (2) Room air is quiescent. 

PROPERTIES: Table A.4, air (evaluated using Properties Tool Pad of IHT). 

ANALYSIS: The appropriate model is provided in Comment 2 of Example 9.4 and includes use of the 
following energy balance to evaluate T s 2 , 

/ _ / / _ / 

Ocond _c lconv +c lrad =c l 


2^ ^ (Ts,l 
ln(r 2 /ri) 


h27tr2 (t s 2 Too) +£27tr2G |t s 2 Tsur) 


from which the total heat rate q' can then be determined. Using the IHT Correlations and Properties 
Tool Pads, the following results are obtained for the effect of the insulation thickness, with £ = 0.85. 



Insulation thickness, t(m) 



The insulation significantly reduces T s ? and q ', and little additional benefits are derived by increasing t 
above 25 mm. For t = 25 mm, the effect of the emissivity is as follows. 


Continued... 




Surface temperature, Ts,2(C) 


PROBLEM 9.55 (Cont.) 




Emissivity, eps Emissivity, eps 

Although the surface temperature decreases with increasing emissivity, the heat loss increases due to an 
increase in net radiation to the surroundings. 





PROBLEM 9.56 


KNOWN: Dimensions and temperature of beer can in refrigerator compartment. 
FIND: Orientation which maximizes cooling rate. 

SCHEMATIC: 



Horizontal, (h) Vertical , (v) 

ASSUMPTIONS: (1) End effects are negligible, (2) Compartment air is quiescent, (3) Constant 
properties. 

PROPERTIES: Table A-4, Air (Tf = 288.5K, 1 atm): v = 14.87 x 10" 6 m 2 /s, k =0.0254 W/mK, a = 

AO 0 1 

21.0 x 10 m /s, Pr = 0.71, p = 1/T f = 3.47 x 10 K . 


ANALYSIS: The ratio of cooling rates may be expressed as 
q v _ h v 7tDL(T s -Tqq) _ h v 
Oh hh TtDL (T s — ) hh 

For the vertical surface, find 

Ra L 9.gm/, 2 x347xl0-= ) K- | (23-C) 3 .^^3 

va (l 4.87x10 6 m 2 /s 1(21x10 6 m 2 /sj 

Ra L = 2.5 xlO 9 (0.15) 3 =8.44 xlO 6 , 


and using the correlation of Eq. 9.26, Nu T = < 0.825 + ■ 


0.387 8.44xlO c 


r -i£ 

1 + (0.492/0.71 ) 9/16 


= 29.7. 


Hence 


r r tt - k _0.0254W/m-K , _ 0 , 2 

h L =h v = Nu T - = 29.7-= 5.03W/m z ■ K. 


For the horizontal surface, find Rap> = 


L 0.15m 

. _gP(T s -T„) 3 


D J = 2.5/10 (0.06) = 5.4x 10" 


and using the correlation of Eq. 9.34, Nu n = \ 0.60 + - 


0.387 5.4x10 


r nt 

1+ (0.559/0.71 ) 9/16 


= 12.24 


Hence 


r r ki - k 0.0254W/m K 10 „ 7/ 2 

hn = hn =Nu ri — =12.24-=5.18W/m -K. 

D D 0.06m 

^ = ^ = 0 . 97 . 

qh 5.18 


COMMENTS: In view of the uncertainties associated with Eqs. 9.26 and 9.34 and the neglect of 
end effects, the above result is inconclusive. The cooling rates are approximately the same. 




PROBLEM 9.57 


KNOWN: Length and diameter of tube submerged in paraffin of prescribed dimensions. Properties 
of paraffin. Inlet temperature, flow rate and properties of water in the tube. 

FIND: (a) Water outlet temperature, (b) Heat rate, (c) Time for complete melting. 


SCHEMATIC: 



ASSUMPTIONS: (1) Negligible k.e. and p.e. changes for water, (2) Constant properties for water 
and paraffin, (3) Negligible tube wall conduction resistance, (4) Free convection at outer surface 
associated with horizontal cylinder in an infinite quiescent medium, (5) Negligible heat loss to 
surroundings, (6) Fully developed flow in tube. 

PROPERTIES: Water (given): Cp = 4185 J/kg-K, k = 0.653 W/m-K, p = 467 x 10 6 kg/s-m, Pr = 

2.99; Paraffin (given): T mp = 27.4°C, h sf = 244 kJ/kg, k = 0.15 W/m-K, [3 = 8 x 10" 4 K" 1 , p = 770 

3 6 2 8 2 

kg/m , v = 5 x 10 nT/s, a = 8.85 x 10 m /s. 


ANALYSIS: (a) The overall heat transfer coefficient is 

_L-_L _L 

u “ 4 + h 0 ' 

a m n 1 k?/s 

To estimate hp find Re D =-=----=10,906 

Ttx0.025mx467xl0 _6 kg/s-m 

and noting the flow is turbulent, use the Dittus-Boelter correlation 

Nu d = 0.023Re^ /5 Pr 0 ' 3 = 0.023(10,906) 4/5 (2.99) 0 3 = 54.3 

NuDk = 54.3x0. 6 53W/m-K = 1418w/m2K 

D 0.025m 

To estimate h G , find 


Ra D = 


gp(T s -T co )D 3 

va 


(9.8m/s 2 )8xl0 _4 K _1 (55-27.4)K(0.025m) 3 

5xl0 _6 m 2 /sx8.85xl0 _8 m 2 /s 


Ra D =7.64xl0 6 


and using the correlation of Eq. 9.34, 


Nu d =< 


0.60+ - 


0.387Ra[) /6 


1+ (0.559/Pr) 


9/16 


8/27 


= 35.0 


— k_ 

D 


h 0 =Nu d — =35.0 


0.15W/m- K 


0.025m 

Alternatively, using the correlation of Eq. 9.33, 


= 210W/m 2 ■ K. 


Continued 






PROBLEM 9.57 (Cont.) 


Nuj) = CRaj^ with C = 0.48, n = 0.25 


:25.2 


0.15W/m ■ K 
0.025m 


151W/m z K. 


Nu d = 25.2 


The significant difference in ho values for the two correlations may be due to difficulties associated 
with high Pr applications of one or both correlations. Continuing with the result from Eq. 9.34, 
11111 _o 9 

= = — +^ =-+-=5.467x10 -W-K/W 

U ^ h 0 1418 210 

U = 183W/m 2 K. 


Using Eq. 8.46, find 


T -T 
'cm fi^O 

-— = exp 

T —T 

1 oo 'm,! 




me 


v 


P 


( 


= exp 


J 


7t x0.025mx3m 
0.1kg/sx4185J/kg - K 


-183 


W 


m 2 ■ K 


Vo = Too - (Too - T m i )0.902 = [27.4-(27.4-60)0.902]°C 


T m , 0 =56.8°C. 


(b) From an energy balance, the heat rate is 

q = mc p (T m i -T m 0 ) =0. Ikg/sx4185 J/kg ■ K (60-56.8)K = 1335W 

or using the rate equation, 


q = UAAT^ m = 183W/m 2 ■ Kji (0.025m)3m 


q = 1335W. 


(60-27.4) K-(56.8-27.4) K 


in 


60-27.4 

56.8-27.4 


(c) Applying an energy balance to a control volume about the paraffin, 


Ein - AE st 
qt= pVh sf = pL 


WH-7tD^/4 


hsf 


t = 


770kg/m' j x3m 


1335W 


(0.25m) 2 ~ (0.025m) 2 


2.44xlO :> J/kg 


t = 2.618 x10 4 s = 7.27h. 


< 

< 


< 


COMMENTS: (1) The value of h G is overestimated by assuming an infinite quiescent medium. The 

fact that the paraffin is enclosed will increase the resistance due to free convection and hence 
decrease q and increase t. 

(2) Using h G = 15 1 W/nU ■ K results in U = 13 6 W/m 2 ■ K,T m 0 = 57.6°C, q = 1009 W and t = 
9.62 h. 



PROBLEM 9.58 


KNOWN: A long uninsulated steam line with a diameter of 89 mm and surface emissivity of 0.8 
transports steam at 200°C and is exposed to atmospheric air and large surroundings at an equivalent 
temperature of 20°C. 


FIND: (a) The heat loss per unit length for a calm day when the ambient air temperature is 20°C; (b) 
The heat loss on a breezy day when the wind speed is 8 m/s; and (c) For the conditions of part (a), 
calculate the heat loss with 20-mm thickness of insulation (k = 0.08 W/m-K). Would the heat loss 
change significantly with an appreciable wind speed? 


SCHEMATIC: 




Part (c) with insulation 


ASSUMPTIONS: (1) Steady-state conditions, (2) Calm day corresponds to quiescent ambient 
conditions, (3) Breeze is in crossflow over the steam line, (4) Atmospheric air and large surroundings 
are at the same temperature; and (5) Emissivity of the insulation surface is 0.8. 

PROPERTIES: Table A-4 , Air (T f = (T s + Toc)/2 = 383 K, 1 atm): v = 2.454 x 10' 5 m 2 /s, k = 
0.03251 W/m-K, a = 3.544 x 10~ 5 m 2 /s, Pr = 0.693. 

ANALYSIS: (a) The heat loss per unit length from the pipe by convection and radiation exchange 
with the surroundings is 

0b = Ocv + Orad 

0 b = (^s,b — T30 ) + sPb 0 " |T s ^ — T^ j Pb (L 2 ) 


where Df, is the diameter of the bare pipe. Using the Churchill-Chu correlation, Eq. 9.34, for free 
convection from a horizontal cylinder, estimate tqj 


N u D =fW 


0.60 + - 


0.387 Ra^ /6 


1 + (0.559/Pr)' 


9/16 


8/27 


(3) 


where properties are evaluated at the film temperature, Tf = (T s + Too)/2 and 


Ra D 


g£(Ts 


Too) D, 


va 


Substituting numerical values, find for the bare steam line 
Ra D Nu d h D (W/m 2 K) q(. v (W/m) 

3.73 x!0 6 21.1 7.71 388 


4rad( W/m ) 

541 


0b (W/m) 
929 


(4) 


< 


Continued 





PROBLEM 9.58 (Cont.) 

(b) For forced convection conditions with V = 8 m/s, use the Churchill-Bernstein correlation, Eq. 
7.56, 


~ _ h P D b _ 


Nu d = 


= 0.3 + - 


0.62 Re^ 2 Pr 1/3 


1 + (0.4/Pr) 


2/3 


nl/4 


1 + 


' Re D ^ 5/8 
282,000 


4/5 


where Rcj) = VD/v. Substituting numerical values, find 

2 


Re D 

2.17X10 4 


Nu d h D b (W/m K) qcv(W/m) qr a d( w / m ) qb( W/m ) 


82.5 


30.1 


1517 


541 


2058 


(c) With 20-mm thickness insulation, and for the calm-day condition, the heat loss per unit length is 


Oins — (^s,o TcoJ/Rfot (1) 

R t = R ins +[l/Rcv + DR ra( j] (2) 

where the thermal resistance of the insulation from Eq. 3.28 is 

Rins = (Do / D b ) / [2^k] (3) 

and the convection and radiation thermal resistances are 

Rcv=l/(h D ,o^D 0 ) (4) 

R rad = D (h rac j 7fD 0 ) h ra( j Q = £<7 (T s 0 + ) |t s 0 j (5,6) 


The outer surface temperature on the insulation, T s o , can be determined by an energy balance on the 
surface node of the thermal circuit. 

Rrad 

|—vA/W“* T sur = T ao 


q’—► •WW4 

Rin= 


SVvV - * 


R ins [l/Rtv + VRrad] ‘ 

Substituting numerical values with D b;0 = 129 mm, find the following results. 


R- ns =0.7384 m-K/W 

h D o =5.30 W/m 2 K 


Rc V =0.4655 K/W 

h ra d =5.65 W/m 2 K 


R rad =0.4371 K/W 

q- ns =187 W/m 

< 


T s ,o=62.1°C 


Continued 




PROBLEM 9.58 (Cont.) 


COMMENTS: (1) For the calm-day conditions, the heat loss by radiation exchange is 58% of the 
total loss. Using a reflective shield (say, £ = 0.1) on the outer surface could reduce the heat loss by 
50%. 

(2) The effect of a 8-m/s breeze over the steam line is to increase the heat loss by more than a factor 
of two above that for a calm day. The heat loss by radiation exchange is approximately 25% of the 
total loss. 

(3) The effect of the 20-mm thickness insulation is to reduce the heat loss to 20% the rate by free 
convection or to 9% the rate on the breezy day. From the results of part (c), note that the insulation 
resistance is nearly 3 times that due to the combination of the convection and radiation process 
thermal resistances. The effect of increased wind speed is to reduce R^y, but since Rj ns is the 
dominant resistance, the effect will not be very significant. 

(4) Comparing the free convection coefficients for part (a), = 89 mm with T s ^ = 200°C, and part 

(b), Db, 0 = 129 mm with T s o = 62.1°C, it follows that hp 0 is less than hp ^ since, for the former, 
the steam line diameter is larger and the diameter smaller. 

(5) The convection correlation models in IHT are especially useful for applications such as the present 
one to eliminate the tediousness of evaluating properties and performing the calculations. However, it 
is essential that you have experiences in hand calculations with the correlations before using the 
software. 



PROBLEM 9.59 


KNOWN: Horizontal tube, 12.5mm diameter, with surface temperature 240°C located in room with 
an air temperature 20°C. 

FIND: Heat transfer rate per unit length of tube due to convection. 

SCHEMATIC: 



ASSUMPTIONS: (1) Ambient air is quiescent, (2) Surface radiation effects are not considered. 

PROPERTIES: Table A-4, Air (T f = 400K, 1 atm): v = 26.41 x 10' 6 m 2 /s, k= 0.0338 W/mK, a = 
38.3 x 10' 6 m 2 /s, Pr = 0.690, p = 1/T f = 2.5 x 10‘ 3 K' 1 . 

ANALYSIS: The heat rate from the tube, per unit length of the tube, is 
q / = h 7t D (T s — Tqo ) 

where h can be estimated from the correlation, Eq. 9.34, 

'i 2 


Nu 


D 


0.60+- 


0.387Ra ! D /6 


\9/16 


8/27 


l+(0.559/Pr y 

L L 

From Eq. 9.25, 

. i 

gp (T s -^ )D 3 9 - 8m/s2x2 - 5xl0_3K_1 (240- 20)KxN2.5xl0 _3 m j 


Ra D 


va 


26.41xl0 _6 m 2 /sx38.3xl0 _6 m 2 /s 


10,410. 


Hence, 


Nu 


D 


0.60+- 


0.387(10,410) 


1/6 


l + (0.559/0.690) 


9/16 


n 8/27 


4.40 


D 

The heat rate is 


r- k— 0.0338W/m K . ... t 2^ 

h = —Nu d =-—-x4.40 = l 1.9W/m K. 


12.5x10 m 


q' =11.9W/m 2 Kxti ^12.5x10 3 m 


j(240-20)K = 103W/m. 

COMMENTS: Heat loss rate by radiation, assuming an emissivity of 1.0 for the surface, is 


9rad =£Ps I "C ) =1 X7I (12.5 xlO 3 mix5.67x10 


Orad = I 38W/m. 


W 


m 2 K 4 


(240 + 273) 4 -(20 + 273)^ 


K 


Note that P = 7t D. Note also this estimate assumes the surroundings are at ambient air temperature. 
In this instance, q^q > qc 0nv . 




PROBLEM 9.60 


KNOWN: Insulated steam tube exposed to atmospheric air and surroundings at 25°C. 

FIND: (a) Heat transfer rate by free convection to the room, per unit length of the tube; effect on 
quality, x, at outlet of 30 m length of tube; (b) Effect of radiation on heat transfer and quality of outlet 
flow; (c) Effect of emissivity and insulation thickness on heat rate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Ambient air is quiescent, (2) Negligible surface radiation (part a), (3) Tube wall 
resistance negligible. 


PROPERTI E S: Steam tables, steam (sat., 4 bar): h f = 566 kJ/kg, T sat = 416 K, h g = 2727 kJ/kg, h fg = 
2160 kJ/kg, v g = 0.476 x 10 3 m 3 /kg; Table A3, magnesia, 85% (310 K); k m = 0.051 W/m-K; TableA.4, 
air (assume T s = 60°C, T f = (60 + 25)°C/2 = 315 K, 1 atm): v = 17.4 x 10 6 m 2 /s, k = 0.0274 W/m-K, a = 
24.7 x 10 6 m 2 /s, Pr = 0.705, T f = 1/315 K = 3.17 X 10 3 K' 1 . 


ANALYSIS: (a) The heat rate per unit length of the tube (see sketch) is given as, 


T -T 

q' _'i x oo 


r; 


i 

where —- = 


r; 


, d 3 1 

-In -^- + =- 


h Q ^D3 27rk m D 2 hj^Dj 

To estimate h Q , we have assumed T s ~ 60°C in order to calculate Ra L from Eq. 9.25, 

g/3 (T s -T co )D 3 _9.8m/s 2 x3.17xl0“ 3 K _1 (60-25)K(0.115m) 3 


Ra D = 


( 1 , 2 ) 


va 


17.4x10 6 m 2 /sx24.7xl0 6 m 2 /s 


= 3.85xlO c 


The appropriate correlation is Eq. 9.34; find 


Nud = 


' 



2 

' 

/ £ \l/6 1 

0.60 + 

0.387 (Ra D ) 1/6 



0.60 + 

0.387^3.85x10 j 


l + (0.559/Pr) 9/16 

8/27 


1 +(0.559/0.705 ) 9/16 

8/27 


2 

1 =21.4 


k — 0.0274 W/m-K 


h Q = —Nu D 

d 3 


0.115m 


x 21.4 = 5.09 W/m z ■ K . 


Substituting numerical values into Eq. (2), find 


1 



1 1 115 

- ~j -1-In-h 

5.09 W/m 2 -Kx;r0.115 m 2s: x 0.051 W/m ■ K 65 


11,000 W/ m~ •Ks x 0.055 m 


= 0.430 W/m-K 


and from Eq. (1), q = 0.430 W/m ■ K(416-298)K = 50.8 W/m 


< 


Continued... 




PROBLEM 9.60 (Cont.) 


We need to verify that the assumption of T s = 60°C is reasonable. From the thermal circuit, 

T s =T 00 +q7h 0 ^D 3 =25°C + 50.8W/my / (5.09w/m 2 Kx^x0.115m) = 53°C. 

Another calculation using T s = 53°C would be appropriate for a more precise result. 

Assuming q / is constant, the enthalpy of the steam at the outlet (L = 30 m), h 2 , is 

h 2 = h| -q'-L/rn = 2727kJ/kg-50.8W/mx30m/14.97kg/s = 2625kJ/kg 

where m = PgA c u m with Pg = l/\'g and A c = 7T D j~ jA . For negligible pressure drop, 

x = (h 2 -h f )/h fg = (2625-566)kJ/kg/(2160kJ/kg) = 0.953. < 

(b) With radiation, we first determine T s by performing an energy balance at the outer surface, where 
9i — 9conv,o + 9rad 


and 


— h Q 7rD3 (T s Tqo )+ ^D3£(7 |t s T sur j 



1 

=-h 

hjTrD] 



27rk m 


D3 

d 2 


From knowledge of T s , qj = (Tj — T s )/R j may then be determined. Using the Correlations and 

Properties Tool Pads of IHT to determine h D and the properties of air evaluated at T f = (T s + Tj/2, the 
following results are obtained. 


Condition 

T s (°C) 

q- (W/m) 

£ = 0.8, D 3 = 115 mm 

41.8 

56.9 

£ = 0.8, D 3 = 165 mm 

33.7 

37.6 

£ = 0.2, D 3 = 115 mm 

49.4 

52.6 

£ = 0.2, D 3 = 165 mm 

38.7 

35.9 


COMMENTS: Clearly, a significant reduction in heat loss may be realized by increasing the insulation 
thickness. Although T s , and hence q/ onv 0 , increases with decreasing £, the reduction in q/ a( j is more 
than sufficient to reduce the heat loss. 



PROBLEM 9.61 


KNOWN: Dissipation rate of an electrical cable suspended in air. 
FIND: Surface temperature of the cable, T s . 


SCHEMATIC: 


X 



3 - 


^— D=2.Sm m 


ASSUMPTIONS: (1) Quiescent air, (2) Cable in horizontal position, (3) Negligible radiation exchange. 


PROPERTIES: Table A-4, Air (Tf = (T s + T cx ,)/2 = 325K, based upon initial estimate for T s , 1 atm) 
v = 18.41 x 10' 6 m 2 /s, k = 0.0282 W/m-K, a = 26.2 x 10' 6 m 2 /s, Pr = 0.704. 

ANALYSIS: From the rate equation on a unit length basis, the surface temperature is 
T s = X>o +q7 7tDh 

where h is estimated by an appropriate correlation. Since such a calculation requires knowledge of 
T s , an iteration procedure is required. Begin by assuming T s = 77°C and calculated Raj> 

Rap =gPATD 3 /va where AT = and Tf = (T s PT^ )/2 (1,2,3) 

For air, p = 1/Tf, and substituting numerical values, 

2 2 

Ra D = 9.8 X(i/ 325K) (77 -27) K(0.025m) 3 /18.41 xlO -6 — x26.2x 10“ 6 — = 4.884x 10 4 . 

s 2 s s 

Using the Churchill-Chu relation, find h. 


— hD 

N U D=T : 


0.60+ - 


0.387Rap 6 


1+ (0.559/Pr) 


9/16 


n 8/27 


(4) 


0.0282W/m K 
0.025m 


0.60+ - 


0.387 4.884x10 


1/6 


1+(0.559/0.704) 


9/16 


-|8/27 


= 7.28W/m 2 • K. 


Substituting numerical values into Eq. (1), the calculated value for T s is 

T s = 27°C + (30W/m)/7t x0.025mx7.28W/m 2 ■ K =79.5°C. 

This value is very close to the assumed value (77°C), but an iteration with a new value of 79°C is 
warranted. Using the same property values, find for this iteration: 

Ra D =5.08xl0 4 h=7.35W/m 2 K T s =79°C. < 

We conclude that T s = 79°C is a good estimate for the surface temperature. 


COMMENTS: Recognize that radiative exchange is likely to be significant and would have the 
effect of reducing the estimate for T s . 



PROBLEM 9.62 


KNOWN: Dissipation rate of an immersion heater in a large tank of water. 
FIND: Surface temperature in water and, if accidentally operated, in air. 

SCHEMATIC: 



ASSUMPTIONS: (1) Quiescent ambient fluid, (2) Negligible radiative exchange. 
PROPERTIES: Table A-6, Water and Table A-4, Air: 


T(K) k-10 3 (W/mK) vd0 7 (p/p,m 2 /s) ad0 7 (k/pc p ,m 2 /s) Pr p-loW) 

Water 315 634 ~ E531 416 400.4 

Air 1500 100 2400 3500 0685 666.7 

ANALYSIS: From the rate equation, the surface temperature, T s , is 

T s = T 00 + q/(7tDLh) (1) 

where h is estimated by an appropriate correlation. Since such a calculation requires knowledge of 
T s , an iteration procedure is required. Begin by assuming for water that T s = 64°C such that Tf = 
315K. Calculate the Rayleigh number, 

R . D = gB ^ = 9 - 8 ^ x ^ ff K "'(“- M ) K (°- 010m ) 3 = 1 . 8 04 xl 0 « ( 2 ) 

va 6.25xlO _7 m 2 /sxl.531xlO _7 m 2 /s 


Using the Churchill-Chu relation, find 


— hD 

NUd= T =< 


0.60+ - 


0.387Ra 


1/6 

D 


1 + (0.559/Pr) 


9/16 


8/27 


(3) 


r 0.634W/mK 

h =-<! 

0.01m 


0.60+- 


/ .a/6 

0.387 (1.804x10° I 


1+(0.559/4.16) 


9/16 


n 8/27 


= 1301W/m z ■ K. 


Substituting numerical values into Eq. (1), the calculated value for T s in water is 

T s =20°C + 550W/7tx0.010mx0.30mxl301W/m 2 K = 64.8°C. < 


Continued 





PROBLEM 9.62 (Cont.) 


Our initial assumption of T s = 64°C is in excellent agreement with the calculated value. 

With accidental operation in air, the heat transfer coefficient will be nearly a factor of 100 less. 
Suppose h ~ 2 5 W / m ^ ■ K, then from Eq. (1), T s ~ 2360°C. Very likely the heater will bum out. 
Using air properties at Tf ~ 1500K and Eq. (2), find Raf) = 1.815 x 10”. Using Eq. 9.33, 

Nu q = CRa q with C= 0.85 and n = 0.188 from Table 9.1, find h = 22.6W/trV ■ K. Hence, our 
first estimate for the surface temperature in air was reasonable, 

T s - 2300°C. < 

However, radiation exchange will be the dominant mode, and would reduce the estimate for T s . 
Generally such heaters could not withstand operating temperatures above 1000°C and safe operation 
air is not possible. 



PROBLEM 9.63 


KNOWN: Motor shaft of 20-mm diameter operating in ambient air at = 27°C with surface 
temperature T s < 87°C. 

FIND: Convection coefficients and/or heat removal rates for different heat transfer processes: (a) For a 
rotating horizontal cylinder as a function of rotational speed 5000 to 15,000 lpm using the 
recommended correlation, (b) For free convection from a horizontal stationary shaft; investigate 
whether mixed free and forced convection effects for the range of rotational speeds in part (a) are 
significant using the recommended criterion; (c) For radiation exchange between the shaft having an 
emissivity of 0.8 and the surroundings also at ambient temperature, T sur = ; and (d) For cross flow 

of ambient air over the stationary shaft, required air velocities to remove the heat rates determined in 
part (a). 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Shaft is horizontal with isothermal surface. 

PROPERTIES: Table A.4, Air (T f = (T s + T oo )/2 = 330K, 1 atm): v= 18.91 x 10 6 m 2 /s , k = 0.02852 
W/m-K, a = 26.94 x 10 6 m 2 /s, Pr = 0.7028, (3= 1/T f . 

ANALYSIS: (a) The recommended correlation for the a horizontal rotating shaft is 
Nud =0.133Re 2/3 Pr 1/3 Re D <4.3xl0 5 0.7 < Pr < 670 

where the Reynolds number is 

Re D = £2 D 2 /v 

and Q (rad/s) is the rotational velocity. Evaluating properties at T f = (T s + )/2, find for to = 5000 

ipm, 

R e D = (5000rpmx 2k rad/rev/60s/min)(0.020m)^ j 18.91 x 10 -6 m 2 /s = 11,076 
Nud = 0.133(11,076) 2,3 (0.7028) 173 =58.75 

hD.rot = Nud k/D = 58.75x0.02852 W/m ■ K/0.020m = 83.8 W / m 2 ■ K < 

The heat rate per unit shaft length is 

q/ot = h D rot (kD ) (T s - ) = 83.8 w/m 2 ■ K (k x 0.020m) (87 - 27 )° C = 316 W/m < 

The convection coefficient and heat rate as a function of rotational speed are shown in a plot below. 

(b) For the stationary shaft condition, the free convection coefficient can be estimated from the 
Churchill-Chu correlation, Eq. (9.34) with 


Continued... 




PROBLEM 9.63 (Cont.) 


Ra D = 


gMTD~ 

va 


9.8 m/s 2 (1/330K)(87 - 27) K (0.020mY 
^ a D — 3 a t~7 3a Y7 —27,981 

18.91x10 0 in /sx26.94xl0 0 m z /s 


Nud = 


0.60 + - 


0.387RaD 6 


1 + (0.559/Pr)' 


,9/16 


-|8/27 


Nud = 


0.60+ - 


0.387(27,981) 


1/6 


1 +(0.559/0.7028) 


9/16 


8/27 


^ =5.61 


h D,fc = Nu D k/D = 5.61x0.02852 W/m- K/0.020m = 8.00 W/ m 2 - K 

qf c = 8.00 W/m 2 - K (tt x0.020m)(87 - 27)° C = 30.2 W/m 

Mixed free and forced convection effects may be significant if 

( 3 / \0.137 

Re D <4.7(Gr3/Pr) 

where Gr D = Ra D /Pr, find using results from above and in part (a) for to = 5000 rpm, 

nO.137 


11,076 ?<? 4.7 


= 383 


(27,981/0.7028) /0.7018 

We conclude that free convection effects are not significant for rotational speeds above 5000 rpm. 

(c) Considering radiation exchange between the shaft and the surroundings, 

h rad = £<J (Ts + T sur ) ^T s + T sur j 

h ra d = 0.8 x 5.67 x 10~ 8 w/ m 2 - K (360 + 300) (360 2 + 300 2 ) K 3 = 6.57 w/ m 2 - K 

and the heat rate by radiation exchange is 
Orad = krad (^D)(T s -T sur ) 

q'rad = 6.57 w/m 2 ■ K (ju x 0.020m) (87 - 27) K = 24.8 W/m 

(d) For cross flow of ambient air at a velocity V over the shaft, the convection coefficient can be 
estimated using the Churchill-Bernstein correlation, Eq. 7.57, with 

YD 
v 


R e D,cf “ ' 


Nuo.cf = h Dcf D/k = 0.3 + 


0.62 Re^/f Pr 1/3 


1 + (0.4/Pr) 


2/3 


-|l/4 


1 + 


( Re D , f A 

282,000 


5/8 


4/5 


Continued... 



PROBLEM 9.63 (Cont.) 


From the plot below (left) for the rotating shaft condition of part (a), hpj rot vs. rpm, note that the 

convection coefficient varies from approximately 75 to 175 W/m 2 • K. Using the IHT Correlations 
Tool , Forced Convection, Cylinder, which is based upon the above relations, the range of air velocities 
V required to achieve hp> c f in the range 75 to 175 W/m 2 • K was computed and is plotted below 
(right). 



Note that the air cross-flow velocities are quite substantial in order to remove similar heat rates for the 
rotating shaft condition. 

COMMENTS: We conclude for the rotational speed and surface temperature conditions, free 
convection effects are not significant. Further, radiation exchange, part (c) result, is less than 10% of 
the convection heat loss for the lowest rotational speed condition. 





PROBLEM 9.64 


KNOWN: Horizontal pin fin of 6-mm diameter and 60-mm length fabricated from plain carbon steel (k 
= 57 W/m-K, £ = 0.5). Fin base maintained at T b = 150°C. Ambient air and surroundings at 25°C. 

FIND: Fin heat rate, q f , by two methods: (a) Analytical solution using average fin surface temperature of 
T s = 125°C to estimate the free convection and linearized radiation coefficients; comment on sensitivity 
of fin heat rate to choice of T s ; and, (b) Finite-difference method when coefficients are based upon local 
temperatures, rather than an average fin surface temperature; compare result of the two solution methods. 

SCHEMATIC: 

I ^VTt = 25 °C 

i i sur to ^ 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in the pin fin, (3) 
Ambient air is quiescent and extensive, (4) Surroundings are large compared to the pin fin, and (5) Fin 
tip is adiabatic. 


PROPERTIES: Table A.4 , Air (T f = (T s + )/l = 348 K): v = 20.72 x 10' 6 m 2 /s, k = 0.02985 

W/m-K, a = 29.60 x 10 6 m 2 /s, Pr - 0.7003, (3 = 1/T f . 


ANALYSIS: (a) The heat rate for the pin fin with an adiabatic tip condition is, Eq. 3.76, 


qf = M tanh(mL) 

M = (h tot PkA c f 2 9 h m = (hP/kA c ) 1/2 

P = ttD A c = 7tD 2 / 4 0 b =T b -T oo 


(1) 

(2,3) 

(4-6) 


and the average coefficient is the sum of the convection and linearized radiation processes, respectively, 
^tot = h fc + ^rad (2) 

evaluated at T S =125°C with T f = (f s +T co )/2 = 75° C = 348K. 

Estimating hf c ; For the horizontal cylinder, Eq. 9.34, with 


Ra D = 


g^SATD 3 

va 
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PROBLEM 9.64 (Cont.) 


9.8m/s 2 (l/348K)(l25-25)(0.006mf 
Ra D =- L - J = 991.79 

20.72x10 0 m / sx29.60xl0 0 rn/s 


Nud 


0.60+ - 


0.387 Ra 


1/6 

D 


l + (0.559/Pr) 


9/16 


8/27 


Nud 


0.60+ - 


0.387 (991.79) 


1/6 


1 +(0.559/0.7003)' 


9/16 


8/27 


: 2.603 


h fc = Nud k/D = 2.603x0.02985 W/mK/0.006m = 12.95 w/m 2 - K 
Calculating h rac j: The linearized radiation coefficient is 


h rad - £<J (T s + T sur ) |t s + T sur j 


h r ad = 0.5x5.67xl0 -8 w/m 2 K 4 (398 + 298)(398 2 +298 2 


)k 3 = 


( 8 ) 


4.88 W/ m ■ K 


Substituting numerical values into Eqs. (1-7), find 

q fin =2.04W < 

with 0 b = 125K, A c =2.827xl0 -5 m 2 , P = 0.01885m, m = 2.603m -1 , M = 2.909W, and 
h tot = 17.83 w/m 2 K. 

Using the IHT Model, Extended Surfaces, Rectangular Pin Fin, with the Correlations Tool for Free 
Convection and the Properties Tool for Air, the above analysis was repeated to obtain the following 
results. 


T s (” c ) 

115 

120 

125 

130 

135 

q f (W) 

1.989 

2.012 

2.035 

2.057 

2.079 

4f,o )/of 0 (%) 

-2.3 

-1.1 

0 

+1.1 

+2.2 


The fin heat rate is not very sensitive to the choice of T s for the range T s = 125 ± 10 °C. For the base 
case condition, the fin tip temperature is T(L) = 114 °C so that T s ~ (T(L) + T b ) /2 = 132°C would be 
consistent assumed value. 


Continued 




PROBLEM 9.64 (Cont.) 


(b) Using the IHT Tool, Finite-Difference Equation, Steady- State, Extended Surfaces, the temperature 
distribution was determined for a 15-node system from which the fin heat rate was determined. The local 
free convection and linearized radiation coefficients h tot = hf c + h racb were evaluated at local 

temperatures, T m , using IHT with the Correlations Tool, Free Convection, Horizontal Cylinder, and the 
Properties Tool for Air, and Eq. (8). The local coefficient h tot vs. T s is nearly a linear function for the 
range 114 < T s < 150°C so that it was reasonable to represent h, ot (T s ) as a Lookup Table Function. The 
fin heat rate follows from an energy balance on the base node, (see schematic next page) 

q f = q a + q b = ( 0.08949 +1 .879) w = 1 .97 w < 

q a =h b (PAx/2)(T b -T 00 ) 

q b = kA c ( T b- T i)/ Ax 

where T b = 150°C, Tj = 418.3 K = 145.3°C, and h b = h tot (T b ) = 18.99 W/m 2 • K. 



Considering variable coefficients, the fin heat rate is -3.3% lower than for the analytical solution with the 
assumed T s = 125°C. 

COMMENTS: (1) To validate the FDE model for part (b), we compared the temperature distribution 
and fin heat rate using a constant h, ot with the analytical solution (T s = 125°C). The results were 
identical indicating that the 15-node mesh is sufficiently fine. 

(2) The fin temperature distribution (K) for the IHT finite-difference model of part (b) is 


Tb 

T01 

T02 

T03 

423 

418.3' 

414.1 

410.3 

T08 

T09 

T10 

Til 

396.6 

394.9 

393.5 

392.4 


T04 

T05 

T06 

T07 

406.8 

403.7 

401 

398.6 

T12 

T13 

T14 

T15 

391.7 

391.2 

391 

390.9 





PROBLEM 9.65 


KNOWN: Diameter, thickness, emissivity and thermal conductivity of steel pipe. Temperature of 
water flow in pipe. Cost of producing hot water. 

FIND: Cost of daily heat loss from an uninsulated pipe. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Negligible convection resistance for water flow, (3) 
Negligible radiation from pipe surroundings, (4) Quiescent air, (5) Constant properties. 

PROPERTIES: Table A-4, air (p = 1 atm, T f » 295K): k a = 0.0259 W/m-K. v = 15.45 x 10' 6 m 2 /s, 
ct= 21.8 x 10~ 6 m 2 /s, Pr = 0.708, j8 = 3.39 x 10' 3 K' 1 . 

ANALYSIS: Performing an energy balance for a control surface about the outer surface, q mn( j = 
9conv + 9rad - ^ follows that 

T — T 

—; = h7rD 0 (t s 0 — Tqo ) + £p^D 0 (7 T s , 0 (1) 

K cond 

where R rand = bn. (D 0 /Dj )/2^k p = 6i(l00 / 84)/27r(60W/m-K) = 4.62xlO~ 4 m-K/W. The 
convection coefficient may be obtained from the Churchill and Chu correlation. Hence, with Rap = 
g/3 (T S;0 - T„„) D 3 lav =9.8m/s 2 x3.39x10 _3 K _1 (0.1m) 3 (t s>0 -268K)/ (21.8xl5.45xl0“ 12 m 4 /s 2 ) 

= 98,637 (t s 0 - 268), 


N u d = > 


0.60+ - 


0.387 Raj^ 6 


1 + (0.559/Pr)' 


,9/16 


8/27 


= jo.60 + 2.182(T s 0 -268) 1/6 | 


h = —Nu d = 0.259 W/m 2 k|o.60 + 2.182(t s o -268) 1/6 | 

Do 

Substituting the foregoing expression for h , as well as values of R mn d■ D 0 , and a into Eq. (1), 
an iterative solution yields T s 0 = 322.9 K = 49.9°C 

— 2 

It follows that h = 6.10 W / m ■ K, and the heat loss per unit length of pipe is 

9 = 9conv + 9(ad = 6.10 W / m 2 • K (n x0.1m)54.9K + 0.6 {n x0.1m)5.67 x 10“ 8 W /m 2 • K 4 (322.9K) 4 
= (105.2 + 116.2) W / m = 221. 4 W/m 

The corresponding daily energy loss is Q' = 0.221 kW/ mx24h/d = 5.3kW ■ h/m■ d 


and the associated cost is C / = (5.3kW ■ h /m- d)($0.05/kW ■ h) = $0.265/m - d < 

COMMENTS: (1) The heat loss is significant, and the pipe should be insulated. (2) The conduction 
resistance of the pipe wall is negligible relative to the combined convection and radiation resistance at 
the outer surface. Hence, the temperature of the outer surface is only slightly less than that of the 
water. 





PROBLEM 9.66 


KNOWN: Insulated, horizontal pipe with aluminum foil having emissivity which varies from 0.12 to 
0.36 during service. Pipe diameter is 300 mm and its surface temperature is 90° C. 


FIND: Effect of emissivity degradation on heat loss with ambient air at 25°C and (a) quiescent 
conditions and (b) cross-wind velocity of 5 m/s. 



ASSUMPTIONS: (1) Steady-state conditions, (2) Surroundings are large compared to pipe, (3) 
Pipe has uniform temperature. 

S' A 

PROPERTIES: Table A-4, Air (T f = (90 + 25)°C/2 = 330K, 1 atm): v = 18.9 x 10' m /s, k = 

o AO 

28.5 x 10' W/mK, a = 26.9 x 10' m /s, Pr = 0.703. 

ANALYSIS: The heat loss per unit length from the pipe is 
q' ’ = hP CT s - ) + £ a P ('T s 4 - T s tr) 

where P = TtD and h needs to be evaluated for the two ambient air conditions. 

(a) Quiescent air. Treating the pipe as a horizontal cylinder, find 


Ra D 


g(3 (T s -Too )D 3 9.8m/s 2 (l/330K)(90-25)K(0.30m)~ 


va 


18.9x 10 _6 m 2 / sx 26.9x 10 _6 m 2 / s 


1.025x10 


8 


-5 12 

and using the Churchill-Chu correlation for 10 < Rep> < 10 . 

'i 2 


Nu 


D 


0.60+- 


0.387Ra p 6 


l + (0.559/Pr) 


9/16 


8/27 


Nu D = ' 


0.60 + - 


0.387 1.025x10 


8\ 


1/6 


1+ (0.559/0.703 y 


9/16 


8/27 


= 56.93 


h D = Nu D k/D= 56.93x0.0285 W/m-K/0.300m= 5.4W/m ■ K. 


Continued 




PROBLEM 9.66 (Cont.) 


Hence, the heat loss is 


q ' = 5.4W/m 2 -K(7t0.30m)(90-25)K + £x5.67xl0 8 W/m 2 • K(7t0.300m)(363 4 -298 4 )K 4 


q= 331 + 5068 


fe =0.12 ->q=(331 + 6l) = 392W/m 
[e = 0.36 -»q' = (331 + 182) =5 13W/m 


< 

< 


The radiation effect accounts for 16 and 35%, respectively, of the heat rate, 
(b) Cross-wind condition. With a cross-wind, fmd 


Re D = 


VD 10m/sx0.30m 


v 


18.9xl0 -6 m 2 /s 


= 1.587 xl0‘ 


and using the Hilpert correlation where C = 0.027 and m = 0.805 from Table 7.2, 


Nu D = CRe™ Pr 1/3 = 0.027(l.587xlO 5 )°' 8 ° 5 (0.703 ) 113 = 368.9 

h D = Nu d k/D= 368.9x0.028 5 W/m- K/0.300m= 35 W/m 2 ■ K. 

Recognizing that combined free and forced convection conditions may exist, from Eq. 9.64 with n 
3, 


Nu^ = Nup + Nu^ h m =(5.4 3 + 35 3 ) 1/3 =35W/m 2 -K 

we find forced convection dominates. Hence, the heat loss is 

q = 3 5 W/m 2 • K(7t0.300m) (90 -25) K +e x5.67 xlO -8 W/m 2 • K(7t0.300m) (393 4 - 298 4 ) K 4 


q' = 2144+8538 


e =0.12 —>q' = 2144 + 102 = 2246 W/m 
8 = 0.36 ^q' = 2144+307 =2451 W/m 


< 

< 


The radiation effect accounts for 5 and 13%, respectively, of the heat rate. 

COMMENTS: (1) For high velocity wind conditions, radiation losses are quite low and the 
degradation of the foil is not important. However, for low velocity and quiescent air conditions, 
radiation effects are significant and the degradation of the foil can account for a nearly 25% change 
heat loss. 

2 

(2) The radiation coefficient is in the range 0.83 to 2.48 W/m K for 8 = 0.12 and 0.36, 
respectively. Compare these values with those for convection. 



PROBLEM 9.67 


KNOWN: Diameter, emissivity, and power dissipation of cylindrical heater. Temperature of ambient 
air and surroundings. 


FIND: Steady-state temperature of heater and time required to come within 10°C of this temperature. 


SCHEMATIC: 



Electrical heater 
T,q'= 1000 W/m,e = 0.8 
k = 240 W/m-K, 

p = 2700 kg/m 3 ,Cp = 900 J/kg-K 


ASSUMPTIONS: (1) Air is quiescent, (2) Duct wall forms large surroundings about heater, (3) Heater 
may be approximated as a lumped capacitance. 


PROPERTI E S: Table A.4, air (Obtained from Properties Tool Pad of IHT). 


ANALYSIS: Performing an energy balance on the heater, the final (steady-state) temperature may be 
obtained from the requirement that q = q^onv + 9 rad > or 


q = h (nD ) (T - T^) + h r (ttD)(T-T sur ) 


where h is obtained from Eq. 9.34 and h r = £<J (T + T sur ) |t - + T s ^ r j. Using the Correlations Tool 
Pad of IHT to evaluate h , this expression may be solved to obtain 

T = 854 K = 581°C < 


Under transient conditions, the energy balance is of the form, = q — q^onv — c lrad > or 

pc p (ttD 2 /4)dT/dt = q / -h(^:D)(T-T 00 )-h r (;rD) (T -T sur ) 

Using the IHT Lumped Capacitance model with the Correlations Tool Pad, the above expression is 
integrated from t = 0, for which Tj = 562.4 K, to the time for which T = 844 K. The integration yields 

t = 183s < 

The value of T; = 562.4 K corresponds to the steady-state temperature for which the power dissipation is 
balanced by convection and radiation (see solution to Problem 7.44). 


COMMENTS: The forced convection coefficient (Problems 7.43 and 7.44) of 105 W/m -K is much 
larger than that associated with free convection for the steady-state conditions of this problem (14.6 
W/m“-K). However, because of the correspondingly larger heater temperature, the radiation coefficient 
with free convection (42.9 W/m“ K) is much larger than that associated with forced convection (15.9 
W/m 2 -K). 



PROBLEM 9.68 


KNOWN: Cylindrical sensor of 12.5 mm diameter positioned horizontally in quiescent air at 27°C. 


FIND: An expression for the free convection coefficient as a function of only AT = T s - T,„ where T s 
is the sensor temperature. 


ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform temperature over cylindrically shaped 
sensor, (3) Ambient air extensive and quiescent. 


PROPERTIES: Table A-4, Air (Tf, 1 atm): (1 = 1/Tf and 


T s (°C) 

Tf (K) 

V x 10 m”/s 

a x 10 m / s 

k x 10 W/m-K 

Pr 

30 

302 

16.09 

22.8 

26.5 

0.707 

55 

314 

17.30 

24.6 

27.3 

0.705 

80 

327 

18.61 

26.5 

28.3 

0.703 


ANALYSIS: For the cylindrical sensor, using Eqs. 9.25 and 9.34, 

r r 2 


RaD= lP^A Nf„=lB5- 


va 


D 


0.60 + - 


0.387Ra 


1/6 

D 


1 + (0.559/Pr) 


9/16 


8/17 


( 1 , 2 ) 


where properties are evaluated at (Tf = T s + ToJ/2. With 30 < T s < 80°C and T (X1 = 27°C, 302 < Tf < 
326 K. Using properties evaluated at the mid-range of Tf, Tf = 314K, find 

9.8m/s 2 (l/314K)AT(0.0125m) 3 

Ra D =- 7 : --- 2 —= 143.2AT 

17.30xl0 _(, m 2 /sx24.6xl0 _(, rrr/s 


- 0.0273W/mK 

h D =- i 

0.0125m 


0.60+ ■ 


0.387 (143AT) 


1/6 


l + (0.559/0.705) 


9/16 


n 8/27 


2 

h D = 2.184|0.60+0.734AT 1/6 | . (3) < 

COMMENTS: (1) The effect of using a fixed film temperature, Tf = 314K= 41°C, for the full 

range 30 < T s < 80°C can be seen by comparing results from the approximate Eq. (3) and the 
correlation, Eq. (2), with the proper film temperature. The results are summarized in the table. 





Correlation 

Eq. (3) 

T s (°C) 

AT = T s - Too (°C) 

Ra D 

Z| i 

D 

h D |w /m 2 • k| 

h D (w/m 2 

30 

3 

518 

2.281 

4.83 

4.80 

55 

28 

4011 

3.534 

7.72 

7.71 


The approximate expression for hp> is in excellent agreement with the correlation. 

(2) hr calculating heat rates it may be important to consider radiation exchange with the surroundings. 




PROBLEM 9.69 


KNOWN: Thin-walled tube mounted horizontally in quiescent air and wrapped with an electrical tape 
passing hot fluid in an experimental loop. 

FIND: (a) Heat flux (\" c from the heating tape required to prevent heat loss from the hot fluid when (a) 
neglecting and (b) including radiation exchange with the surroundings, (c) Effect of insulation on q " e and 
convection/radiation rates. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Ambient air is quiescent and extensive, (3) 
Surroundings are large compared to the tube. 

PROPERTIES: Table A.4 , Air (T f = (T s + )/2 = (45 + 15)°C/2 = 303 K, 1 atm): v = 16.19 x 10 6 

m 2 /s, a = 22.9 x 10 6 m 2 /s, k = 26.5 x 10 3 W/m-K, Pr = 0.707, |3 = 1/T f . 

ANALYSIS: (a,b) To prevent heat losses from the hot fluid, the heating tape temperature must be 
maintained at T m ; hence T SJ = T m . From a surface energy balance, 

0e = ^conv + Orad = (^Dj + h r ) (T s j — ) 

where the linearized radiation coefficient, Eq. 1.9, is h r = ecr (T s j + T^ )(t^j + T^ j , or 


h r =0.95x5.67x10 8 w/m“ -K 4 (318 + 288)^318“ + 288 2 |k 3 = 6.01w/m 2 -K. 

Neglecting radiation: For the horizontal cylinder, Eq. 9.34 yields 

g^( T sr T J D i 9.8m/s 2 (l/303K)(45-15)K(0.020m) 3 _ _ 

Ra D =-=- T7 - 9 / -= 20,900 

v « 16.19x10 °nT7sx22.9x10 0 nT7 s 


— ho i Di 
Nuq =—~— 


0.60+ - 


0.386RaD 6 


1 + (0.559/Pr) 


9/16 


8/27 


Continued .... 





PROBLEM 9.69 (Cont.) 


- 0.0265 W/m-K 

h D . --- < 

1 0.020 m 


0.60 + - 


0.386(20,900) 


1/6 


1 +(0.559/0.707 ) 9/16 
heat flux is 

q' =6.90W/m z K(45-15)K = 207w/m 2 K 


8/27 


= 6.90 W/ m • K 


Hence, neglecting radiation, the required heat flux is 

.2 I vtAC 1 c\iz _ OATIIJ /™2 


Considering radiation: The required heat flux considering radiation is 

qe =(6.90 + 6.0l)w/m 2 K(45 —15)K = 387w/m 2 K 


< 

< 


(c) With insulation, the surface energy balance must be modified to account for an increase in the outer 
diameter from D; to D 0 = D; + 2t and for the attendant thermal resistance associated with conduction 
across the insulation. From an energy balance at the inner surface of the insulation, 


q e (jl Dj) — q con( j 


27rkj (T m T s o ) 
ln(D„/Di) 


and from an energy balance at the outer surface, 

Ocond = Oconv + %ad = (hp)^ + h r j (T s o — ) 

The foregoing expressions may be used to determine T Sj0 and qg as a function of t, with the IHT 
Correlations and Properties Tool Pads used to evaluate hjy^ . The desired results are plotted as follows. 



By adding 20 mm of insulation, the required power dissipation is reduced by a factor of approximately 3. 
Convection and radiation heat rates at the outer surface are comparable. 

COMMENTS: Over the range of insulation thickness, T s o decreases from 45°C to 20°C, while h 
and h r decrease from 6.9 to 3.5 W/m 2 K and from 3.8 to 3.3 W/nr-K, respectively. 




PROBLEM 9.70 


KNOWN: A billet of stainless steel AISI 316 with a diameter of 150 mm and length 500 mm 
emerges from a heat treatment process at 200°C and is placed into an unstirred oil bath maintained at 


20°C. 


FIND: (a) Determine whether it is advisable to position the billet in the bath with its centerline 
horizontal or vertical in order decrease the cooling time, and (b) Estimate the time for the billet to 
cool to 30°C for the better positioning arrangement. 


SCHEMATIC: 

Billet 

D = 150 mm 
L = 500 mm, 


Vertical position 




Horizontal position 


ASSUMPTIONS: (1) Steady-state conditions for part (a), (2) Oil bath approximates a quiescent 
fluid, (3) Consider only convection from the lateral surface of the cylindrical billet; and (4) For part 
(b), the billet has a uniform initial temperature. 


PROPERTIES: Table A-5, Engine oil (Tf = (T s + Too)/2): see Comment 1. Table A-l, AISI 316 
(400 K): p = 8238 kg/m 3 , c p = 468 J/kg-K, k = 15 W/m-K. 


ANALYSIS: (a) For the puipose of determining whether the horizontal or vertical position is 
preferred for faster cooling, consider only free convection from the lateral surface. The heat loss from 
the lateral surface follows from the rate equation 


q = hA s (Tg-T^) 


Vertical position. The lateral surface of the cylindrical billet can be considered as a vertical surface 


of height L, width P = 7tD, and area A s = PL. The Churchill-Chu correlation, Eq. 9.26, is appropriate 
to estimate hp, 


h L L 

Nu t =—!= 

L 1, 


0.825 + - 


0.387 Ra^ /6 


1 + (0.492 /Pr)' 


9/16 


-|8/27 


Ra L = 


g^(T s -T co )L 3 

va 


with properties evaluated at Tf = (T s + Too)/2. 


Horizontal position. In this position, the billet is considered as a long horizontal cylinder of diameter 
D for which the Churchill-Chu correlation of Eq. 9.34 is appropriate to estimate hp>, 

r 1 2 


nt =—= 

L i. 


0.60+ - 


0.387 Ra 


1/6 

D 


l + (0.55/Pr) 


9/16 


8/27 


Continued 












PROBLEM 9.70 (Cont.) 


g^(T s -T co )D 3 


with properties evaluated at Tf. The heat transfer area is also A s = PL. 

Using the foregoing relations in IHT with the thermophysical properties library as shown in Comment 
1, the analysis results are tabulated below. 


Ra L =1.36xlO n 

Nu L =801 

h L =218 W/m 2 ■ K 

(vertical) 

Ra D =3.67xl0 9 

N^ d = 245 

h D =221 W/m 2 ■ K 

(horizontal) 


Recognize that the orientation has a small effect on the convection coefficient for these conditions, 
but we’ll select the horizontal orientation as the preferred one. 

(b) Evaluate first the Biot number to determine if the lumped capacitance method is valid. 

_ h D (D 0 / 2) _ 221 W/m 2 K (0.150 m/2) _ t i 
U! k 15 W/m-K 

Since Bi » 0.1, the spatial effects are important and we should use the one-term series approximation 
for the infinite cylinder, Eq. 5.49. Since hp> will decrease as the billet cools, we need to estimate an 
average value for the cooling process from 200°C to 30°C. Based upon the analysis summarized in 
— 2 

Comment 1, use h D =119 W/m • K. Using the transient model for the infinite cylinder in IHT, 

(see Comment 2) find for T(r 0 , t 0 ) = 30°C, 

t Q =3845 s = 1.1 h < 

COMMENTS: (1) The IHT code using the convection correlation functions to estimate the 

coefficients is shown below. This same code was used to calculate hjy for the range 30 < T s < 200°C 

2 

and determine that an average value for the cooling period of part (b) is 119 W/m K. 


/* Results - convection coefficients, Ts = 200 C 

hDbar hLbar D L Tinf_C Ts_C 

221.4 217.5 0.15 0.5 20 200 */ 

T Results - correlation parameters, Ts = 200 C 

NuDbar NuLbar Pr RaD RaL 

244.7 801.3 219.2 3.665E9 1.357E11*/ 

T Results - properties, Ts = 200 C; Tf = 383 K 

Pr alpha beta deltaT k nu Tf 

219.2 7.188E-8 0.0007 180 0.1357 1.582E-5 383 

/* Correlation description: Free convection (FC), long horizontal cylinder (HC), 

10 A -5<=RaD<=10 A 12, Churchill-Chu correlation, Eqs 9.25 and 9.34 . See Table 9.2 . 7 
NuDbar = NuD_bar_FC_HC(RaD,Pr) // Eq 9.34 

NuDbar = hDbar * D / k 

RaD = g * beta * deltaT * D A 3 / (nu * alpha) //Eq 9.25 
deltaT = abs(Ts - Tint) 
g = 9.8 // gravitational constant, m/s A 2 

// Evaluate properties at the film temperature, Tf. 

Tf = Tfluid_avg(Tinf,Ts) 


Continued 




PROBLEM 9.70 (Cont.) 


/* Correlation description: Free convection (FC) for a vertical plate (VP), Eqs 9.25 and 9.26 . 
See Table 9.2. */ 

NuLbar = NuL_bar_FC_VP(RaL,Pr) // Eq 9.26 

NuLbar = hLbar * L / k 

RaL = g * beta * deltaT * L A 3 / (nu * alpha) //Eq 9.25 

// Input variables 

D = 0.15 
L = 0.5 
Tinf_C = 20 
Ts_C = 200 

// Engine Oil property functions 

// Units: T(K) 

nu = nu_T("Engine Oil",Tf) 
k = k_T("Engine Oil",Tf) 
alpha = alpha_T("Engine Oil",Tf) 

Pr = Pr_T("Engine Oil",Tf) 
beta = beta_T("Engine Oil",Tf) 

// Conversions 

Tinf_C = Tint - 273 
Ts_C = Ts - 273 


(2) The portion of the IHT code used for the transient analysis is shown below. Recognize that we 
have not considered heat losses from the billet end surfaces, also, we should consider the billet as a 
three-dimensional object rather than as a long cylinder. 

/* Results - time to cool to 30 C, center and surface temperatures 


D 

T xt C 

Ti C 

Tinf C 

r 

h 

t 

0.15 

30.01 

200 

20 

0.075 

119 

3845 */ 

0.15 

33.19 

200 

20 

0 

119 

3845 


: From Table A.5 

// Kinematic viscosity, m A 2/s 
//Thermal conductivity, W/m-K 
// Thermal diffusivity, m A 2/s 
// Prandtl number 

// Volumetric coefficient of expansion, K A (-1) 


// Transient conduction model, cylinder (series solution) 

// The temperature distribution T(r,t) is 

T_xt = T_xt_trans("Cylinder",rstar,Fo,Bi,Ti,Tinf) // Eq 5.47 

// The dimensionless parameters are 

rstar = r / ro 

Bi = h * ro / k 

Fo= alpha * t / ro A 2 

alpha = k/ (rho * cp) 



PROBLEM 9.71 


KNOWN: Diameter, initial temperature and emissivity of long steel rod. Temperature of air and 
surroundings. 

FIND: (a) Average surface convection coefficient, (b) Effective radiation coefficient, (c,d) Maximum 
allowable conveyor time. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible effect of forced convection, (2) Constant properties, (3) Large 
surroundings, (4) Quiescent air. 

PROPERTIES: Stainless steel (given): k = 25 W/m-K, a = 5.2 x 10 6 m 2 /s; Table A.4 , Air (T f = 650 K, 
1 atm): v = 6.02 x 10 5 m 2 /s, a = 8.73 X 10' 5 m 2 /s, k = 0.0497 W/m-K, Pr = 0.69. 


ANALYSIS: (a) For free convection from a horizontal cylinder, 

_g^(T s -T„)D 3 _9.8m/s 2 (l/650K)(0.05m) 3 , n5 

Ka D in a / 9 Z.DIXlU 

6.02x8.73xl0 _1 m 4 /s 2 

The Churchill and Chu correlation yields 


Nud = 1 


' 



2 

' 

/ c\l/6 1 

0.60 + 

0.387RaD 6 



0.60 + 

0.387(2.51x10 J 


l + (0.559/Pr) 9/16 

8/27 


1 +(0.559/0.69 ) 9/16 

8/27 


= 9.9 


h = Nud k/D = 9.9(0.0497 W/m■ K)/0.05 m = 9.84 W/ m 2 ■ K 


(b) The radiation heat transfer coefficient is 

h r = eo (T s + T sur )( t 2 + T 2 ur ) = 0.4x 5.67 xl0~ 8 w/m 2 ■ K 4 (1000 


+ 300)Kr(l000) 2 +(300) 2 


K 2 = 32.1 w/m 2 ■ K 


(c) For the long stainless steel rod and the initial values of h and h r , 

Bi = (h + h r ) (r G /2)/k = 42.0 w/m 2 ■ Kx0.0125 m/25 W/m ■ K = 0.021. 
Hence, the lumped capacitance method can be used. 


T-T 

1 A oc 

T-T 

A 1 L Oc 


600 K 
700 K 


exp (-Bi ■ Fo) = exp (-0.02 lFo) 


< 


Continued... 



PROBLEM 9.71 (Cont.) 


Fo = 7.34 = at/ (r Q /2) 2 = 0.0333t 

t = 221 s. < 

(d) Using the IHT Lumped Capacitance Model with the Correlations and Properties Tool Pads, a more 
accurate estimate of the maximum allowable transit time may be obtained by evaluating the numerical 
integration, 

n WOK 

f' dt= -2fp£ r —®- 

° 4 1000 K t h + hr )( T — r=o) 

where pc p = k/a = 4.81x10^ j/K ■ . The integration yields 

t = 245 s < 

At this time, the convection and radiation coefficients are h = 9.75 and h, = 24.5 W/m 2 K, respectively. 

COMMENTS: Since h and h, decrease with increasing time, the maximum allowable conveyor time is 
underestimated by the result of part (c). 



PROBLEM 9.72 


KNOWN: Velocity and temperature of air flowing through a duct of prescribed diameter. Temperature 
of duct surroundings. Thickness, thermal conductivity and emissivity of applied insulation. 


FIND: (a) Duct surface temperature and heat loss per unit length with no insulation, (b) Surface 
temperatures and heat loss with insulation. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Fully-developed internal flow, (3) Negligible duct 
wall resistance, (4) Duct outer surface is diffuse-gray, (5) Outside air is quiescent, (6) Pressure of inside 
and outside air is atmospheric. 

PROPERTIES: Table A.4 , Air (T m = 70°C): V = 20.22 X 10 6 m 2 /s, Pr = 0.70, k = 0.0295 W/m-K; Table 
A.4 , Air (T f - 27°C): v = 15.89 x 10 6 m 2 /s, Pr = 0.707, k = 0.0263 W/m-K, a = 22.5 x 10' 6 m 2 /s, p = 
0.00333 K 1 . 


ANALYSIS: (a) Performing an energy balance on the duct wall with no insulation (T s>i = T s o ), 

4conv,i = 4conv,o + 4rad,o ) (T m — T s j ) = h 0 (^Dj) (T s q — T^ ) + £j(7 (ttDj) ^T s j — T sur j 

with Re D ,i = u m D;/v = 3 m/s x 0.15 m/(20.22 x 10 6 m 2 /s) = 2.23 x 10 4 , the internal flow is turbulent, and 
from the Dittus-Boelter correlation, 

k 
D 


4/5 03 0.0295 W/m-K 1 4\ 4/5 z ,0 3 / 2 

h: =—0.023Ren? Pr =--0.023 2.23xl0 4 (0.7) =12.2 W/nV-K. 

’ 0.15m V ’ 


For free convection, the Rayleigh number is 

gP( T s,i -T.)Df 9.8m/s 2 (0.0033)(T S I -273)(0.15) 3 m 3 

Ra D,i =- 

and from Eq. 9.34, 


va 


15.89 x 10' 6 m 2 /s x 22.5 x 10“° m z /s 


-6 ,„2 , 


= 3.08xl0 5 (T s i -T„) 


k 

h o = — 

D i 


0.60+ - 


0.387Rapj 


1 + (0.559/Pr) 


9/16 


n8/27 


0.0263 


0.15 


0.60+ - 



S / \ 

1/6 

0.387 

3.08 xlO 3 (T S;i - T^ ) 



l2 


1 + (0.559/0.707)' 


9/16 


8/27 
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PROBLEM 9.72 (Cont.) 


h 0 =0.175 


0.60 + 2.64 (T^i-T^) 


1/6 


Hence 


2 

12.2(343-T s i ) = 0.175|o.60 + 2.64(T s i -273) 1/6 | (T s j -273) + 0.5x5.67xl0“ 8 T s j -(273) 


A trial-and-error solution gives T s j ~ 314.7 K ~ 41.7°C 
The heat loss per unit length is then 

q / = Oconva ~ 12.2 (;rx 0.15) (70 —42) ~ 163 W/m. 


(b) Performing energy balances at the inner and outer surfaces, we obtain, respectively, 


or, 


and, 

or, 


qconv,i — qcond 


^ (/rDi)(T m -T s i ) 


2^k s (T s j T s 0 ) 

ln(D 0 /Di) 


qcond — qconv,o + qrad,o 


2^k s (T S; j T s o ) 
ln(D 0 /Di) 


h 0 (TD 0 )(T s T 00 ) + £ 0 <7(^'D 0 )|t s , g 



< 

< 


Using the IHT workspace with the Correlations and Properties Tool Pads to solve the energy balances 
for the unknown surface temperatures, we obtain 

T s<i =60.8°C T Si0 =12.5°C < 

With the heat loss per unit length again evaluated from the inside convection process, we obtain 

q=qconv,i =52.8 W/m < 

COMMENTS: For part (a), the outside convection coefficient is h Q = 5.4 W/m 2 K < hj. The outside 
heat transfer rates are C[c 0nv , 0 ~ 106 W/m and qr ac po ~ 57 W/m. For part (b), h Q = 3.74 W/m 2 K, 
t|conv.o = 29.4 W/m, and qr ac p 0 = 23.3 W/m. Although T s ,; increases with addition of the insulation, 
there is a substantial reduction in T s o and hence the heat loss. 



PROBLEM 9.73 


KNOWN: Biological fluid with prescribed flow rate and inlet temperature flowing through a coiled, 
thin-walled, 5-mm diameter tube submerged in a large water bath maintained at 50°C. 

FIND: (a) Length of tube and number of coils required to provide an exit temperature of T m o = 38°C, 
and (b) Variations expected in T nM , for a ±10 % change in the mass flow rate for the tube length 
determined in part (a) . 

SCHEMATIC: 


— Water bath — 



Tm,i ~ 25 °C T m 0 ~ 38 °C 


ASSUMPTIONS: (1) Steady-state conditions, (2) Coiled tube approximates a horizontal tube 
experiencing free convection in a quiescent, extensive medium (water bath), (3) Biological fluid has 
thermophysical properties of water, and (4) Negligible tube wall thermal resistance. 

PROPERTIES: Table A.4 Water - cold side (T m , c = (T, [U + T rn , 0 ) / 2 = 304.5 K) : c p , c = 4178 J/kg-K, p c 

= 777.6 x 10 6 Ns/m 2 , k c = 0.6193 W/m-K, Pr c = 5.263 ; Table A.4, Water - hot side 

(T f =(T S +T 00 )/2 = 320.1 K, see comment 1) : p h = 989.1 kg/m 3 , c p , h = 4180 J/kg-K, p h = 575.6 x 10 6 

N-s/m 2 , k h = 0.6401 W/m- K , Pr h = 3.76, V h = p h /p h = 5.827 x 10 7 m 2 /s , a h = k h / p h c ph , = 15.48 x 10' 8 

m 2 /s. 


ANALYSIS: (a) Following the treatment of Section 8.3.3, the coil experiences internal flow of the cold 
biological fluid (c) and free convection with the external hot fluid (h). From Eq. 8.46a, 


T -T 

1 oo 1 m,o 

T -T ■ 

x oo ^m,! 


= exp 


U = (l/h c +l/h h ) 1 


with P = 7tD and for the overall coefficient U , h c and h^ are the average convection coefficients for 
internal flow and external free convection, respectively. These coefficients are estimated as follows. 


Internal flow, h c : To characterize the flow, calculate the Reynolds number, 
_ 4m _ 4x0.02 kg/s 


Re D,c — " 


;rx0.005mx777.6x10 6 N-s/m 2 


= 6550 


evaluating properties at T m = (T m j +T m o )^2 = (25+ 38) cj2 = 31.5°C = 304.5K. Note that Rc D c is 

between the laminar upper limit (2300) and the turbulent lower limit (10,000). To provide a conservative 
estimate, we choose to consider the flow as laminar and anticipate that the flow will be fully developed. 
From Eq. 8.55, Nu D jC = 3.66, 

h c = Nu D c k c /D3.66x0.6193 W/m • k/ 0.005m = 453 w/m 2 - K (4) 


External free convection, h^ : For the horizontal tube, Eq. 9.34, with 


Ra D,h 


g/^hATP 3 

v h«h 


AT = T s - T c 


(5,6) 


Continued... 





PROBLEM 9.73 (Cont.) 

where T s is the average tube wall temperature determined from the thermal 
circuit for which 

h c (^m — T s ) = hpj (T s — ) (7) 

and the average film temperature at which to evaluate properties is 

Tf ,c = (T s + )/2 (8) 


T s 


Vh h 


1 /h c 


We need to guess a value for T s and iterate the solution of the system of equations until all the equations 
are satisfied. See Comments 1 and 2. 


Results of the analysis: Using the foregoing relations in IHT (see Comment 2) the following results were 
obtained 


U = 313.4w/m 2 -K, h c =453w/m 2 -K 


h h = 1015 w/m 2 K 


T m c = 304.5K, Tf h = 320.IK, 


T s = 317.0K L = 12.46m < 


From knowledge of the tube length with the diameter of the coil D c = 200 mm, the number of coils 
required is 


N = 


L 

kD c 


12.46m 

ttx 0.200m 


19.8 ~ 20 


< 


(b) With the length fixed at L = 12.46 m, we can backsolve the foregoing IHT workspace model to find 
what effect a ±10% change in the mass flow rate has on the outlet temperature, T m?0 . The results of the 
analysis are tabulated below. 


m(kg/s) 

T m ,o(°c) 


0.018 0.02 0.022 

38.95 38.00 37.17 


That is, a ±10 % change in the flow rate causes a ±1°C change in the outlet temperature. While this 
change seems quite small, the effect on biological processes can be significant. 

COMMENTS: (1) For the hot fluid, the Properties section shows the relevant thermophysical properties 
evaluated at the proper average (rather than a guess value for the film temperature). 


(2) For the tube L/D = 12.46m/0.005m = 2492 which is substantially greater than the entrance length 
criterion, 0.05Re D = 0.05x 6550 = 328. Hence, the assumption of fully developed internal flow is 
justified. 

(3) The IHT model for the system can be constructed beginning with the Rate Equation Tools , Tube 
Flow, Constant Surface Temperature along with the Correlation Tools for Free Convection , Horizontal 
Cylinder and Interned Flow, Laminar, Fully Developed Flow and the Properties Tool for the hot and 
cold fluids (water). The full set of equations is extensive and very stiff. Review of the IHT Example 8.5 
would be helpful in understanding how to organize the complete model. 



PROBLEM 9.74 


KNOWN: Volume, thermophysical properties, and initial and final temperatures of a 
pharmaceutical. Diameter and length of submerged tubing. Pressure of saturated steam flowing 
through the tubing. 

FIND: (a) Initial rate of heat transfer to the pharmaceutical, (b) Time required to heat the 
pharmaceutical to 70°C and the amount of steam condensed during the process. 

SCHEMATIC: 



p= 1100 kg/m 3 
c = 2000 J/kg-K 
k = 0.250 W/m-K 
v = 4.0x1 O' 3 m 2 /s 
Pr = 10, |3 = 0.002 K’ 1 


ASSUMPTIONS: (1) Pharmaceutical may be approximated as an infinite, quiescent fluid of 
uniform, but time-varying temperature, (2) Free convection heat transfer from the coil may be 
approximated as that from a heated, horizontal cylinder, (3) Negligible thermal resistance of 
condensing steam and tube wall, (4) Negligible heat transfer from tank to surroundings, (5) Constant 
properties. 


PROPERTIES: Table A-4, Saturated water (2.455 bars): T sat = 400K = 127°C, h fg = 2.183 x 10 6 
J/kg. Pharmaceutical: See schematic. 

ANALYSIS: (a) The initial rate of heat transfer is q = hA s (T s -Tj ), where A s = TtDL = 0.707 m” 
and h is obtained from Eq. 9.34. With a = v/Pr = 4.0 x 10 7 m 2 /s and Raj) = g/3 (T s - Tj) D 3 /av = 
9.8 m/s 2 (0.002 K' 1 ) (102K) (0.015m) 3 /16 x 10' 13 m 4 /s 2 = 4.22 x 10 6 , 


0.60 + 

0.387 Ra^ 6 


2 

0.60 + 

/ fi \l/6 

0.387I4.22xl0 b 1 

l + (0.559/Pr) 9/16 

8/27 


1 + (0.559/10) 9716 

8/27 


Hence, h = Nu D k/D = 27.7x0.250W/m-K/0.015m = 462W/m 2 ■ K 

and q = hA s (T s -Tj) = 462 W/m 2 ■ Kx0.707m 2 (102°C) = 33,300W < 


(b) Performing an energy balance at an instant of time for a control surface about the liquid, 

where the Rayleigh number, and hence h, changes with time due to the change in the temperature of 
the liquid. Integrating the foregoing equation using the DER function of IHT, the following results 
are obtained for the variation of T and h with t. 


Continued 





PROBLEM 9.74 (Cont.) 




0 1 00 200 300 400 500 600 700 800 900 


0 100 200 300 400 500 600 700 800 900 


Tim e, t(s) 


Time, t(s) 


The time at which the liquid reaches 70°C is 


tf ~ 855 s < 

The rate at which T increases decreases with increasing time due to the corresponding reduction in 

(T s - T), and hence reductions in Ra D . h and q. The Rayleigh number decreases from 4.22 x 10 6 to 

2.16 x I (/\ while the heat rate decreases from 33,300 to 14,000 W. The convection coefficient 

1/3 4/3 

decreases approximately as (T s - T) , while q ~ (T s - T) . The latent energy released by the 
condensed steam corresponds to the increase in thermal energy of the pharmaceutical. Hence, 
m c hfg = pVc(Tf - Tj ), and 


PVc(Tf-Tj) 

hf g 


1100kg/m 3 x0.2m 3 x2000J/kgKx45°C 

2.183xl0 6 J/kg 


9.07 kg 


< 


COMMENTS: (1) Over such a large temperature range, the fluid properties are likely to vary 
significantly, particularly V and Pr. A more accurate solution could therefore be performed if the 
temperature dependence of the properties were known. (2) Condensation of the steam is a significant 
process expense, which is linked to the equipment (capital) and energy (operating) costs associated 
with steam production. 





PROBLEM 9.75 


KNOWN: Fin of uniform cross section subjected to prescribed conditions. 

FIND: Tip temperature and fin effectiveness based upon (a) average values for free convection and 
radiation coefficients and (b) local values using a numerical method of solution. 

SCHEMATIC: 



—*x 


ASSUMPTIONS: (1) Steady-state conditions, (2) Surroundings are isothermal and large compared to 
the fin, (3) One-dimensional conduction in fin, (4) Constant fin properties, (5) Tip of fin is insulated, (6) 
Fin surface is diffuse-gray. 

PROPERTIES: Table A-4, Air (T f = 325 K, 1 atm): v = 18.41 X 10 6 m 2 /s, k = 0.0282 W/m-K, a = 26.2 
xl0 6 m 2 /s, Pr = 0.704, |3 = l/T f = 3.077 x 10 3 K 1 ; Table A-l, Steel AISI 316 (T s =350K): k=14.3 
W/m-K. 


ANALYSIS: (a) Average value h c and h r : From Table 3.4 for a fin of constant cross section with an 

insulated tip and constant heat transfer coefficient h, the tip temperature (x = L) is given by Eq. 3.75, 

coshm(L-x) . . . , d/2 

0 L =0 b-- —~ -= 0 b /cosh(mL) m = (hP/kA c ) (1,2) 

cosh mL 

where 0 L = T L - and 0 b = T b — T^. For this situation, the average heat transfer coefficient is 

h = h c + h r (3) 

and is evaluated at the average temperature of the fin. The fin effectiveness £ b follows from Eqs. 3.81 
and 3.76 

_ _ 1/2 

=qf/hA c b 0 b , qf =M-tanh(mL), M = (hPkA c ) "0 b . (4,5,6) 

To estimate the coefficients, assume a value of T s ; the lowest T s occurs when the tip reaches . That 

is, 

T s = (T^ +T b )/2 = (27 + 125)° c/2 = 76° ~ 350K T f = (T s + T,* )/l = 325 K. 

The free convection coefficient can be estimated from Eq. 9.33, 

N^D=-^ = CRa£ (7 ) 

k 


gfiATD 3 9.8 m/s 2 x3.077xl0 -3 K -1 (350-300) K (0.006 m) 3 

^ a D / -) / -) — 675 

va 18.41xl0“ b m 2 /sx26.2xl0“ b m 2 /s 


and from Table 9.1 with 10^ < Ra L < 10 4 , C = 0.850 and n = 0.188. Hence 


Continued... 



PROBLEM 9.75 (Cont.) 


- _ 0.0282 W/m-K 
c _ 0.006m 


:0.850(675)' 


0.188 


: 13.6 W/m z ■ K. 


The radiation coefficient is estimated from Eq. 1.9, 

^r = (T s + T sur ) |t s + T sur j 


h r =0.6x5.67xl0“ 8 w/m 2 -K 4 (350+ 300)(350 2 +300 2 )k 3 =4.7w/m 2 K (9) 
Hence, the average coefficient, Eq. (3), is 

h = (13.6 +4.7 )w/ m 2 ■ K = 18.3 w/ m 2 ■ K. 

Evaluate the fin parameters, Eq. (2) and (6) with 

P = 7tD = 7rx0.006m = 1.885xl0 -2 m A c = 7 tD 2 /4 = 7r(0.006m) 2 /4 = 2.827xl0 -5 m 2 


i = |l8.3w/ 
= (l8.3 w/n 


m 2 Kxl.885xl0 2 m/l4.3w/mKx2.827xl0~ 5 ) = 29.21m -1 


ly/2 

M = ^18.3 W/m 2 - Kxl.885xl0~“mxl4• 3 w/m • Kx2.827xl0~ 5 m 2 j (125 - 27)K = 1.157 W. 
From Eq. (1), the tip temperature is 

0 L =T L -T b =(l25-27)K/cosh(29.21m _1 x0.050m) = 43.2K T L = 70.2°C = 343K .< 

Note this value of T L provides for T s ~ 370 K; so we underestimated T s . For best results, an iteration is 
warranted. The fin effectiveness, Eqs. (4) and (5), is 

q f =1.157 Wtanh(29.21m -1 x0.050mj = 1.039 W 

£ f = 1.039 W/l8.3/w/m 2 - Kx2.827xl0 -3 m 2 (125 -27)K = 20.5 . < 

(b) Local values h c and h r : Consider the nodal arrangement for using a numerical method to find the tip 
temperature T L , the heat rate q f , and the fin effectiveness £. 


K = 1.157 W. 



Ax = 2.5mm 


L» x,m - 

From an energy balance on a control volume about node m, the finite-difference equation is of the form 

T m= T m+l+ T m-l + ( h c+ h r)( 4Ax2 / /kD ) T oo / 2 + (h r + h c )(4Ax 2 /kD) . (10) 

The local coefficient h c follows from Eq. (3), with Eq. 9.33, yielding 

h c = —CRali 

c D D 

h c = °' Q2 q m K X 0.850 (675 [AT/(350 - 300)])°’ 188 = 6.517 (T m - 300)°' 188 .( 11) 


The local coefficient h r follows from Eq. (9), 


h r = 0.6 x 5.67 x 10“ 8 W/m 2 • K 4 (T m + 300) (T 2 + 300 2 ) 
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PROBLEM 9.75 (Cont.) 

h r = 3.402xl0~ 8 (T m +300 )|t^ + 300 2 j. (12) 

The 20-node system of finite-difference equations based upon Eq. (10) with the variable coefficients h c 
and h r prescribed Eqs. (11) and (12), respectively, can be solved simultaneously using IHT or another 
approach. The temperature distribution is 


Node 

T m (K) 

Node 

T m (K) 

Node 

T m (K) 

Node 

T m (K) 

1 

391.70 

6 

367.61 

11 

353.02 

16 

345.49 

2 

385.95 

7 

364.03 

12 

351.00 

17 

344.70 

3 

380.70 

8 

360.81 

13 

349.25 

18 

344.15 

4 

375.92 

9 

357.91 

14 

347.75 

19 

343.82 

5 

371.56 

10 

355.32 

15 

346.50 

20 

343.71 


From these results the tip temperature is 

T L =T fd =343.7 K = 70.7° C. < 

The fin heat rate follows from an energy balance for the control surface about node b. 

Of = Oconv + Ocond 

Ax , , Tu - Ti 

Of =h b P —(T b -T CX3 ) + kA c ^-^ 

2 Ax 

where h b follows from Eqs. (11) and (12), with T b = 125 C = 398 K, 

h b = 6.517(398-300)°- 188 +3.402xl0“ 8 (398 + 300)(398 2 +300 2 ) = 21.33w/m 2 ■ K 

q f =21.33w/m 2 -Kxl.855xl0~ 2 m(0.0025m/2)(398-300)K 

/ _s 2 (398 —391.70)K 

+14.3 W/m • Kx2.827x10 3 m“ -— = (0.049 +1.018)W = 1.067 W. 

0.0025m 

The effectiveness follows from Eq. (4) 

£f = 1.067 W/21.33 w/m 2 -Kx2.827xl0 _5 m 2 (125-27)K = 18.1 
COMMENTS: (1) The results by the two methods of solution compare as follows: 


Coefficients 

T(L),K 

qi(W) 

£f 

average 

343.1 

1.039 

20.5 

local 

343.7 

1.067 

18.1 



The temperature predictions are in excellent agreement and the heat rates very close, within 4%. 

(2) To obtain the finite-different equation for node n = 20, use Eq. (10) but consider the adiabatic surface 
as a symmetry plane. 






PROBLEM 9.76 


KNOWN: Horizontal tubes of different shapes each of the same cross-sectional area transporting a 
hot fluid in quiescent air. Lienhard correlation for immersed bodies. 

FIND: Tube shape which has the minimum heat loss to the ambient air by free convection. 

SCHEMATIC: 

Tn 

9 40mm 

f iU 

ASSUMPTIONS: (1) Ambient air is quiescent, (2) Negligible heat loss by radiation, (3) All shapes 
have the same cross-sectional area and uniform surface temperature. 

PROPERTIES: Table A-4, Air (T f « 300K, 1 atm): v = 15.89 x 10" 6 m 2 /s, a = 22.5 x 10' 6 m 2 /s, k = 
0.0263 W/m-K, Pr = 0.707, [3 = 1/T f . 

ANALYSIS: The Lienhard correlation approximates the laminar convection coefficient for an 
immersed body on which the boundary layer does not separate from the surface by 

Nu f = (hf) /k = 0.52Ra'/ 4 , where the characteristic length, l , is the length of travel of the fluid in 
the boundary layer across the shape surface. The heat loss per unit length from any shape is 
q' = hP (T s -Tqo ) • F° r the shapes, 

gBATf 3 9.8m/s 2 (l/300K)(35-25)Kf 3 m 3 8 * 

Ra £ = -— =-—-—-—=9.137xl0 8 t 

va 15.89x10 6 m-/sx22.5xl0 6 m-/s 
h £ =(0.0263W/mK/^)0.52(9.137xl0 8 £ 3 ) 1/4 = 2.378r 1/4 . 

For the shapes, l is half the total wetted perimeter P. Evaluating \\p andq. find 


Shape 

P (mm) 

l (mm) 

h £ (w/nT-Kj 

q'(W/ 

1 

2 x 40 + 2 x 10 = 100 

50 

5.03 

5.03 

2 

4 x 20 = 80 

40 

5.32 

4.26 

3 

4 x 20 = 80 

40 

5.32 

4.26 

4 

7i x 22.56 = 70.9 

35.4 

5.48 

3.89 


Hence, it follows that shape 4 has the minimum heat loss. < 

COMMENTS: Using the Lienhard correlation for a sphere of D = 22.56 mm, find t = 35.4mm, the 

2 

same as for a cylinder, namely, tq = 5.48 W/m K. Using the Churchill correlation, Eq. 9.35, find 
— 9 

h = 7.69W/m K. Hence, the approximation for the sphere is 29% low. For a cylinder, using Eq. 
9.34, find h = 5.15W/m“ • K. The approximation for the cylinder is 6% high. 




PROBLEM 9.77 


KNOWN: Sphere of 2-mm diameter immersed in a fluid at 300 K. 

FIND: (a) The conduction limit of heat transfer from the sphere to the quiescent, extensive fluid, 
Nuix COIld = 2; (b) Considering free convection, surface temperature at which the Nusselt number is twice 
that of the conduction limit for the fluids air and water; and (c) Considering forced convection, fluid 
velocity at which the Nusselt number is twice that of the conduction limit for the fluids air and water. 


SCHEMATIC: 


Air or water 




ASSUMPTIONS: (1) Sphere is isothermal, (2) For part (a), fluid is stationary, and (3) For part (b), fluid 
is quiescient, extensive. 


ANALYSIS: (a) Following the hint provided in the problem statement, the thermal resistance of a 
hollow sphere, Eq. 3.36 of inner and outer radii, rj and r 2 , respectively, and thermal conductivity k, is 


Rpcond 


4?rk 


1 

r l 


1 

r 2 


and as r 2 —> °o, that is the medium is extensive 
D 1 _ 1 


( 1 ) 

( 2 ) 


The Nusselt number can be expressed as 


Nu = 


hD 

T~ 


(3) 


and the conduction resistance in terms of a convection coefficient is 

R 1 1 

lv t,cond — 


hA 


s IittD" 


Combining Eqs. (3) and (4) 

(l/ R t,cond^D 2 ) D [l/■ (l/2jrkD)(^D 2 ) 


N u D,cond 


D 


(4) 


< 


(b) For free convection, the recommended correlation, Eq. 9.35, is 


Nud =2 + 


0.589Raj^ 4 
l + (0.469/Pr) 9/16 


4/9 


Continued... 



PROBLEM 9.77 (Cont.) 


Ra D 


gjSATD- 

va 


AT = T S -T 00 


where properties are evaluated at T f = (T s + Tj / 2. What value of T s is required for Nud = 4 for the 
fluids air and water? Using the IHT Correlations Tool, Free Convection, Sphere and the Properties 
Tool for Air and Water, find 


Air : Nu < 3.1 for all T s 
Water T S = 301.1K 

(c) For forced convection, the recommended correlation, Eq. 7.59, is 
Nu D = 2 + (o.4 Rej^ 2 + 0.06 Re 2 7 3 ) Pr 04 (p/^) 114 

Re D = VD/v 


< 

< 


where properties are evaluated at , except for p s evaluated at T s .What value of V is required for 

Nud = 4 if the fluids are air and water? Using the IHT Correlations Tool, Forced Convection, Sphere 
and the Properties Tool for Air and Water, find 

Air V = 0.17 m/s Water V = 0.00185 m/s < 


COMMENTS: (1) For water, Nud = 2x NuD.cond can be achieved by AT ~ 1 for free convection 
and with very low velocity, V< 0.002 m/s, for forced convection. 


(2) For air, Nud = 2X NuD.cond can be achieved in forced convection with low velocities, V< 0.2 m/s. 
In free convection, Nud increases with increasing T s and reaches a maximum, Nud, max = 3.1, around 

450 K. Why is this so? Hint: Plot Ra D as a function of T s and examine the role of |3 and AT as a 
function of T s . 



PROBLEM 9.78 

KNOWN: Sphere with embedded electrical heater is maintained at a uniform surface temperature 
when suspended in various media. 

FIND: Required electrical power for these media: (a) atmospheric air, (b) water, (c) ethylene glycol. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible surface radiation effects, (2) Extensive and quiescent media. 
PROPERTIES: Evaluated at T f = (T s + T TC )/2 = 330K: 

v-10 6 ,m 2 /s k-10 3 , W/m-K a-l() 6 , m7s Pr [MO 3 , K’ 1 


Table AM Air (1 atm) 18.91 28.5 

Table A-6, Water 0.497 650 

Table A-5, Ethylene glycol 5.15 260 


26.9 0.711 

0.158 3.15 

0.0936 55.0 0.65 


3.03 

0.504 


ANALYSIS: The electrical power (P e ) required to offset convection heat transfer is 

Oconv = h A s (T^ —T 00 ) = 7t hD (T s —Too). 


( 1 ) 


The free convection heat transfer coefficient for the sphere can be estimated from Eq. 9.35 using Eq. 
9.25 to evaluate Raj> 

Pr > 0.7 


Nu Q — 2 + 


0.589RaJ^ 4 


1 + (0.469/Pr) 


9/16 


-|4/9 


Ra D 


Rap <10 


11 


g P AT D J 
va 


(a) For air 


Ra D 


9.8m/s 2 (3.03xl0 -3 K _1 )(94 -20) K(0.025m) 2 
18.91xl0 _6 m 2 /sx26.9xl0 _6 m 2 /s 


6.750x10 


4 


(2,3) 


r k— 0.02285W/mK 

h D = — Nu n =- i 

D D 0.025m 


2 + • 


/ 4\^ 4 

0.589I6.750X10 4 ) 


1 +(0.469/0.711) 


9/16 


n4/9 


: 10.6W/m ■ K 


Oconv = xl0.6W/m 2 ■ K(0.025m) 2 (94- 20)K = 1.55W. 


Continued 





PROBLEM 9.78 (Cont.) 


(b,c) Summary of the calculations above and for water and ethylene glycol: 


Fluid Ra D h D |w/m 2 K) q(W) 

Air 6.750 x 10 4 10.6 1.55 < 

Water 7.273 x 10 ? 1299 187 < 

Ethylene glycol 15.82 x 10 6 393 57.0 < 

COMMENTS: Note large differences in the coefficients and heat rates for the fluids. 








PROBLEM 9.80 


KNOWN: A copper sphere with a diameter of 25 mm is removed from an oven at a uniform 
temperature of 85°C and allowed to cool in a quiescent fluid maintained at 25°C. 

FIND: (a) Convection coefficients for the initial condition for the cases when the fluid is air and 
water, and (b) Time for the sphere to reach 30°C when the cooling fluid is air and water using two 
different approaches, average coefficient and numerically integrated energy balance. 


SCHEMATIC: 


T s (0) = 85°C 


Water or air I \ Copper sphere 

100 = 2500 \ J D = 25 mm 

ASSUMPTIONS: (1) Steady-state conditions for part (a); (2) Low emissivity coating makes 
radiation exchange negligible for the in-air condition; (3) Fluids are quiescent, and (4) Constant 
properties. 



PROPERTIES: Table A-4 , Air (T f = (25 + 85)°C/2 = 328 K, 1 atm): v = 1.871 x 10' 5 m 2 /s, k = 

0.0284 W/m-K, a = 2.66 x 10' 5 m 2 /s, Pr = 0.703, |3 = 1/T f ; Table A-6, Water (T f = 328 K): v = 5.121 

x 10' 7 m 2 /s, k= 0.648 W/m-K, a= 1.57 x 10' 7 m 2 /s, Pr = 3.26, p = 4.909 x 10' 4 K' 1 ; Table A-l, 

Copper, pure (T = (25 + 85)°C/2 = 328 K): p = 8933 kg/m 3 , c = 382 J/kg-K, k = 399 W/m-K. 

ANALYSIS: (a) For the initial condition, the average convection coefficient can be estimated from 
the Churchill-Chu correlation, Eq. 9.35, 


— h D D 


Nu d =- 


■ = 2 + - 


0.589 Rap 4 


1 + (0.469 /Pr)' 


,9/16 


-i4/9 


( 1 ) 


Ra D = 


g^-T^D- 


va 


( 2 ) 


with properties evaluated at Tf = (T s + Too)/2 = 328 K. Substituting numerical values find these 
results: 


Fluid 

T S (°C) 

Tf(K) 

Ra D 

Nu D 

h D (W/m 2 -K) 


Air 

85 

328 

5.62X10 4 

8.99 

10.2 

< 

Water 

85 

328 

5.61X10 7 

46.8 

1213 

< 


(b) To establish the validity of the lumped capacitance (LC) method, calculate the Biot number for the 
worst condition (air). 

hrj (D/3) 2 / \ -4 

Bi = -^A--- = 10 .2 W/m -K(0.025 m/3)/399 W/m-K = 2.1xl0 4 

Since Bi « 0.1, the sphere can be represented by this energy balance for the cooling process 

dT s 

^in ~ E out — E st — Tcv — Me —' 

dt 

-h D A s (T s -T 00 ) = pVc^ (3) 

dt 

2 3 — 

where A s = ftD and V = 7iD /6. Two approaches are considered for evaluating appropriate values for hp>. 

Average coefficient. Evaluate the convection coefficient corresponding to the average temperature of 

the sphere, T s = (30 + 85)°C/2 = 57.5°C, for which the film temperature is Tf = (T s + Using 

the foregoing analyses of part (a), find these results. 


Continued 










PROBLEM 9.80 (Cont.) 


Fluid 

T S (°C) 

Tf(K) 

Ra D 

Nu d 

h D (W/m 2 K) 

Air 

57.5 

314 

3.72X10 4 

8.31 

9.09 

Water 

57.5 

314 

1.99xl0 7 

37.1 

940 


Numerical integration of the energy balance equation. The more accurate approach is to numerically 
integrate the energy balance equation, Eq. (3), with hp> evaluated as a function of T s using Eqs. (1) 
and (2). The properties in the correlation parameters would likewise be evaluated at Tf, which varies 
with T s . The integration is performed in the IHT workspace; see Comment 3. 

Results of the lumped-capacitance analysis. The results of the LC analyses using the two approaches 
are tabulated below, where t 0 is the time to cool from 85°C to 30°C: 

to ( s ) 


Approach 

Air 

Water 

Average coefficient 

3940 

39 

Numerical coefficient 

4600 

49 


COMMENTS: (1) For these condition, the convection coefficient for the water is nearly two orders 
of magnitude higher than for air. 

(2) Using the average-coefficient approach, the time-to-cool, t G , values for both fluids is 15-20% 
faster than the more accurate numerical integration approach. Evaluating the average coefficient at 
T s results in systematically over estimating the coefficient. 

(3) The IHT code used for numerical integration of the energy balance equation and the correlations is 
shown below for the fluid water. 

// LCM energy balance 

- hDbar * As * (Ts - Tint) = M * cps * der(Ts,t) 

As = pi * D A 2 
M = rhos * Vs 
Vs = pi * D A 3 / 6 

// Input variables 

D = 0.025 

// Ts = 85 + 273 // Initial condition, Ts 

Tinf_C = 25 

rhos = 8933 //Table A.1, copper, pure 

cps = 382 
ks = 399 

/* Correlation description: Free convection (FC), sphere (S), RaD<=10 A 11, Pr >=0.7, Churchill 
correlation, Eqs 9.25 and 9.35 . See Table 9.2 . */ 

NuDbar = NuD_bar_FC_S(RaD,Pr) // Eq 9.35 

NuDbar = hDbar * D / k 

RaD = g * beta * deltaT * D A 3 / (nu * alpha) //Eq 9.25 
deltaT = abs(Ts - Tint) 
g = 9.8 // gravitational constant, m/s A 2 

// Evaluate properties at the film temperature, Tf. 

Tf = Tfluid_avg(Tinf,Ts) 

//Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

x = 0 // Quality (0=sat liquid or 1 =sat vapor) 

nu = nu_Tx(''Water'’,Tf,x) // Kinematic viscosity, m A 2/s 

k = k_TxfWater",Tf,x) // Thermal conductivity, W/m-K 

Pr = Pr_Tx("Water",Tf,x) // Prandtl number 

beta = beta_T(”Water",Tf) // Volumetric coefficient of expansion, K A (-1) (f, liquid, x = 0) 

alpha = k / (rho * cp) // Thermal diffusivity, m A 2/s 

// Conversions 

Ts_C = Ts - 273 
Tinf_C = Tinf - 273 



PROBLEM 9.81 


KNOWN: Temperatures and spacing of vertical, isothermal plates. 

FIND: (a) Shape of velocity distribution, (b) Forms of mass, momentum and energy equations for 
laminar flow, (c) Expression for the temperature distribution, (d) Vertical pressure gradient, (e) 
Expression for the velocity distribution. 

SCHEMATIC: 

z 



ASSUMPTIONS: (1) Laminar, incompressible, fully-developed flow, (2) Constant properties, (3) 
Negligible viscous dissipation, (4) Boussinesq approximation. 

ANALYSIS: (a) For the prescribed conditions, there must be buoyancy driven ascending and 
descending flows along the surfaces corresponding to T s ,i and T Sj2 , respectively (see schematic). 
However, conservation of mass dictates equivalent rates of upflow and downflow and, assuming constant 
properties, inverse symmetry of the velocity distribution about the midplane. 

(b) For fully-developed flow, which is achieved for long plates, v x = 0 and the continuity equation yields 
dv z /dz = 0 < 


Hence, there is no net transfer of momentum or energy by advection, and the corresponding equations 
are, respectively, 

0 = -(dp/dz) + J u(d 2 v z /dx 2 )-p(g/g c ) < 

0 = (dT 2 /dx 2 ) < 

(c) Integrating the energy equation twice, we obtain 
T — C i x + C 2 

and applying the boundary conditions, T(-L) = T s ,i and T(L) = T s 2 , it follows that Ci = -(T s j - T s 2 )/2L 
and C 2 = (T Si i + T s 2 )/2 = T m , in which case, 


T-T, 


m 


< 


T s,1- T s,2 


x 

2L 


Continued... 






PROBLEM 9.81 (Cont.) 


(d) From hydrostatic considerations and the assumption of a constant density p m , the balance between the 
gravitational and net pressure forces may be expressed as dp/dz = -p m (g/g c ). The momentum equation is 
then of the form 

o = n (d 2 V z /dx 2 )- (p - p m )(g/g c ) 
or, invoking the Boussinesq approximation, p — p m ~ —/3p m (T — T m ), 

d 2 v z /dx 2 =-(pp m /p)(g/g c )(T-T m ) 
or, from the known temperature distribution, 

d 2 v z /dx 2 =(/3p m /2^)(g/g c )(T s? i-T s?2 )(x/L) < 


(e) Integrating the foregiong expression, we obtain 

dv z/ dx = (/ J Pm/4^)(g/g c )(T s !-T s 2 )(x 2 /l) + Ci 

Vz = (fiPm/12jU)(g/gc )(T s .l -T s , 2 )(x 3 /l)+ Qx + C 2 


Applying the boundary conditions v z (-L) = v z (L) = 0, it follows that C i = 
-(/5p m / 12 /r)(g/gc)(T sJ -T s2 ) L andC 2 = 0. Hence, 


(MnL 2 /l2^)(g/g c )(T s ,l-T s , 2 )r(x 3 /L 3 )-(x/L) 


< 


COMMENTS: The validity of assuming fully-developed conditions improves with increasing plate 
length and would be satisfied precisely for infinite plates. 



PROBLEM 9.82 


KNOWN: Dimensions of vertical rectangular fins. Temperature of fins and quiescent air. 
FIND: Optimum fin spacing and corresponding fin heat transfer rate. 


SCHEMATIC: 

Top view Side view 



ASSUMPTIONS: (1) Isothermal fins, (2) Negligible radiation, (3) Quiescent air, (4) Negligible heat 
transfer from fin tips, (5) Negligible radiation. 

6 9 

PROPERTIES: Table A-4, Air (T f = 325K, 1 atm): v = 18.41 x 10° m /s, k = 0.0282 W/mK, a = 
6 2 

26.1 x 10 nT7s, Pr = 0.703. 


ANALYSIS: From Table 9.3 

S opt =2.7l(Ra s /S?H] 


X—1/4 

= 2.71 

"gp^-T^)" 

1 

avH 


1-1/4 


^opt - 2.71 


9.8m/s 2 (325K) (50K) 


26.1xl0 _6 m 2 /sxl8.4xl0 _6 m 2 /sx0.15m 
From Eq. 9.45 and Table 9.3 


-1/4 


= 7.12mm 


Nu 


1 — 1/2 


576 


- + - 


2.87 


9 i/9 

(Ra s S/L) (Ra s S/L) 


gP(T s -T M )S 4 9.8m/s z (325K) 1 (50K)(7.12xlCr 4 m 


Ra s (S/L) 


avH 


25.4xl0 _6 m 2 /sxl8.4xl0 _6 m 2 /sx0.15m 


Ra s (S/L) =53.2 


Nu s = 


576 2.87 

■+— 


(53.2) 2 (53.2) 1/2 


- 1/2 


1/2 


= [0.204+0.393] =1.29 


h = Nu s k/S = 1.29(0.0282W/m- K/0.00712m) = 5.13W/m 2 ■ K. 
With N = W/(t + S) = (355 mm)/(8.62 x 10" 3 m) = 41.2 » 41, 

q = 2Nh( Lx H)(T S - T^) = 82^5.13W/m 2 K j(0.02mx0.15m)50K 


q = 63.1W. < 

COMMENTS: S opt = 7.12 mm is considerably less than the value of 34 mm predicted from previous 
considerations. Hence, the corresponding value of q = 63.1 W is considerably larger than that of the 
previous predication. 




PROBLEM 9.83 


KNOWN: Length, width and spacing of vertical circuit boards. Maximum allowable board 
temperature. 

FIND: Maximum allowable power dissipation per board. 

SCHEMATIC: 



ASSUMPTIONS: (1) Circuit boards are flat with uniform heat flux at each surface, (2) Negligible 
radiation. 

PROPERTIES: Table A-4, Air (T = 320K, 1 atm): v = 17.9 x 10~ 6 m 2 /s, k = 0.0278 W/mK, a = 
25.5 x 10' 6 m 2 /s. 


ANALYSIS: From Eqs. 9.41 and 9.46 and Table 9.3, 


q s 


t s,L - X>o k 


48 


Ra s S/L 


- + - 


2.51 


(r4s/l) 


\2/5 


- 1/2 


* S gPqgS 5 

where Rag — ---— 


9.8m/s / (320K) 1 (0.025q' 


\5 t 


L kavL 0.0278W/mK(25.5xl0 _6 m 2 /s)(l7.9xl0 _6 m 2 /s)0.4m 


and 


Raj 4 = 58 .9q; 

_s_ 


0.025m ■ qg 


T s ,L-Lok (60 K)0.0278W/m K 

- 1 - 1/2 

I ask n a qo 

Hence, 0.015qg = 


0.015qs- 


0.815 0.492 

q" f rr \0.4 

qs (q s ) 


A trial-and-error solution yields 
qs =287 W/m 2 . 

Hence, q = 2A s q^ = 2(0.4m) 2 (287W/m 2 ) = 91.8 W. 


COMMENTS: Larger heat rates may be achieved by using a fan to superimpose a forced flow on 
the buoyancy driven flow. 



PROBLEM 9.84 


KNOWN: Array of isothermal vertical fins attached to heat sink at 42°C with ambient air 
temperature at 27°C. 


FIND: (a) Heat removal rate for 24 pairs of fins and (b) Optimum fin spacing for maximizing heat 
removal rate if overall size of sink is to remain unchanged. 


SCHEMATIC: 


| < > t ~ S = 6777777 



VerY'ica/ plaiss, L=150ntm ) 24- pairs 
z:=-f2°C 


Air , 

v X,=Z7°C 

S /77 k 

C]rcuH~ board 


ASSUMPTIONS: (1) Fins form vertical, symmetrically heated, isothermal plates, (2) Negligible 
radiation effects, (3) Ambient air is quiescent. 

PROPERTIES: Table A-4, Air (T f = (T s +T 00 )/2 =(42 + 27)/2°C =308K,latm): 

v = 16.69xl0 -6 m 2 /s, a = 23.5xl0 _6 m 2 /s ,k = 26.9xl0 -3 W/m-K. 

ANALYSIS: Considering the fins as vertical isotheimal plates, the heat rate can be determined 
from Eq. 9.37 with the Elenbaas correlation, Eq. 9.36, 

D gp(T s -T 00 )S 3 9.8m/s 2 (1/308 K)(42-27)K(0.006 m ) 3 
Ra§ =-=- 7 — - 7 — -= 262.9 


va 


Nu s = 


q/A 


3 


16.69xl0 _6 m 2 /s x23.5xl0 _6 m 2 /s 

>3/4 


To -Too 

V s 00 J 


S 'f =^J Ra s(S /L )p-exp 


35 


Nu s =^( 2 «- 9 ) 


f 0.006m A 


0.150m 


V 


1 - exp 


) 


Ra s (S/L) 

35 


262.9(0.006m/0.150m) 


,3/4 


= 0.4263 


find the heat rate as 

9s = As (^s-Too)-Nu s 

q s =2x2x24(0.025xO. 150)m 2 (42-27)K °- 0269W/m K 0 . 42 63 

0.006 m 

q s =10.4 W. < 

(b) For symmetric isothermal plates, from Table 9.3, the optimum spacing to maximize the heat rate 
with L = 0.150 m is 


S opt =2.7l(R as /S 3 L) 


-1/4 


= 2.71 


gP(T s -Too) 1 


va 


L 


-1/4 


= 9.03 mm 


Continued 




PROBLEM 9.84 (Cont.) 


and using Eq. 9.45 with values of Ci and C 2 from Table 9.3, 


gP (T s -T^ pt =8% 

va 


Nu c 


~ q/A s 

S _ 

_ T s — To - 

k ~ 


Q 


■+- 


c 2 


9 1/9 

(Ra s S/L) (Ra s S/L) 


- 1/2 


and solving for the heat rate, 


q= 0.240m 2 (42-27 )K 


0.0269 W / m K 


0.00903 m 


576 


- + - 


2.87 


(896x9/150) (896x9/150) 


1/2 


- 1/2 


q = 14.0 W < 

where with spacing S op t = 9.03 mm, rather than 6 mm, the available space for the fins has decreased 
by (9.03 - 6)/6 = 50%; hence only 16 pairs are possible and A s = 4 x 16(0.025 x 0.150)nT = 
0.240 m 2 . 

COMMENTS: Note that with S op t = 9 mm, the convection coefficient is increased by (3.88 - 
1.91)1.91 = 103%. However, the increased spacing reduces the number of surfaces possible within 
the given space constraint. 



PROBLEM 9.85 


KNOWN: Vertical air vent in front door of dishwasher with prescribed width and height. Spacing 
between isothermal and insulated surface of 20 mm. 

FIND: (a) Heat loss from the tub surface and (b) Effect on heat rate of changing spacing by ± 10 
mm. 


SCHEMATIC: 



5 = 2-0 m m —>) 


t 


t 


*- T s =SZ°C 

——Unsutahed surface f 

V width w=5SOmm 



ASSUMPTIONS: (1) Steady-state conditions, (2) Vent forms vertical parallel isothermal/adiabatic 
plates, (3) Ambient air is quiescent. 


PROPERTIES: Table A-4, (T f = (T s + TJ/2 = 312.5K, 1 atm): v = 17.15 x 10' 6 m 2 /s, a = 24.4 x 
10' 6 m 2 /s, k = 27.2 x 10' 3 W/m-K, [3 = 1/T f . 


ANALYSIS: The vent arrangement forms two vertical plates, one is isothermal, T s , and the other is 
adiabatic (q" = 0). The heat loss can be estimated from Eq. 9.37 with the correlation of Eq. 9.45 


using Ci = 144 and C 2 = 2.87 from Table 9.3: 


Ra s = 


gP(T s -T 00 )S 3 9.8m/s 2 (1/312.5 K)(52-27)K(0.020m)~ 


va 


q = A s (T^-T 00 )- 


17.15xl0 _6 m 2 /s x24.4xl0 _6 m 2 /s 

- 1/2 

Cl , c 2 


=14,988 


+- 


9 1/9 

(Ra s S/L) (Ra s S/L) 


(52-27)K 


0.0272W/mK 


0.020m 


Cl 


- + - 


C 2 


9 1/9 

(Ra s S/L) (Ra s S/L) 


(0.500x0.580) m 2 x 

- 1/2 

= 28.8W.< 


(b) To determine the effect of the spacing at S = 30 and 10 mm, we need only repeat the above 
calculations with these results 


S (mm) 

Ra s 

q (W) 

10 

1874 

26.1 

30 

50,585 

28.8 


< 

< 


Since it would be desirable to minimize heat losses from the tub, based upon these calculations, you 
would recommend a decrease in the spacing. 

COMMENTS: For this situation, according to Table 9.3, the spacing corresponding to the maximum 

3 - 1/4 

heat transfer rate is S max = (S max /S opt ) x 2.15(Ra s /S L) = 14.5 mm. Find q max = 28.5 W. Note 
that the heat rate is not very sensitive to spacing for these conditions. 



PROBLEM 9.86 


KNOWN: Dimensions, spacing and temperature of plates in a vertical array. Ambient air 
temperature. Total width of the array. 

FIND: Optimal plate spacing for maximum heat transfer from the array and corresponding number of 
plates and heat transfer. 


SCHEMATIC: 


K- W — W ar =150mm 

1 2 ••• N 



y— Heated plate 
S T s = 75°C, W = L 



ASSUMPTIONS: (1) Steady-state, (2) Negligible plate thickness, (3) Constant properties. 
PROPERTIES: Table A-4, air (p = 1 atm, T = 320K): v = 17.9 x 10" 6 m7s, k = 0.0278 W/m-K, a = 
25.5 x 10' 6 m7s, Pr = 0.704, jS = 0.00313 K' 1 . 

ANALYSIS: With Ra s /S 3 L = g/3 (T s - To„)/avL = (9.8 m/s 2 x 0.00313 K' 1 x 55°C)/(25.5 x 17.9 x 
-12 4 2 10 4 

10 m /s x 0.3m) = 1.232 x 10 m , from Table 9.3, the spacing which maximizes heat transfer for 
the array is 

S„ p ,=- 2,71 -—-rrj = 8.13xlO -3 m = 8.13mm < 

(Ra s /S 3 L) 1/4 (l.232xl0 10 m- 4 ) 1/4 

With the requirement that (N - 1) S opt < W ar , it follows that N < 1 + 150 mm/8.13 mm = 19.4, in 
which case 

N = 19 < 


The corresponding heat rate is q = N (2WL) h (T s - ), where, from Eq. 9.45 and Table 9.3, 

-|l/2 

2.87 

- + - 


r k— k 
h = — Nu c = — 
S s S 


576 


(Ra s S/L) 2 (Ra s S/L) 1/2 


With Ra s S/L = (Ra s /S 3 L)S 4 = 1.232 x 10 10 m' 4 x (0.00813m) 4 = 53.7, 


- 0.0278 W/mK 

h = 


0.00457m 


576 2.87 

- + — 


(53.7) 2 (53.7) 1/2 


= 6.08(0.200 + 0.392) = 3.60 W /m 2 ■ K 


q = 19(2x0.3mx0.3m)3.60W/m 2 ■ Kx55°C = 677W 


COMMENTS: It would be difficult to fabricate heater plates of thickness S « S opt . Hence, subject 
to the constraint imposed on W^, N would be reduced, where N < 1 + W ar /(S op t + <5). 



PROBLEM 9.87 


KNOWN: A bank of drying ovens is mounted on a rack in a room with an ambient temperature of 
27°C; the cubical ovens are 500 mm to a side and the spacing between the ovens is 15 mm. 

FIND: (a) Estimate the heat loss from the facing side of an oven when its surface temperature is 
47°C, and (b) Explore the effect of the spacing dimension on the heat loss. At what spacing is the 
heat loss a maximum? Describe the boundary layer behavior for this condition. Can this condition be 
analyzed by treating the oven side-surface as an isolated vertical plate? 


SCHEMATIC: 



Drying oven 
500 mm sides 


ASSUMPTIONS: (1) Steady-state conditions, (2) Adjacent oven sides form a vertical channel with 
symmetrically heated plates, (3) Room air is quiescent, and channel sides are open to the room air, 
and (4) Constant properties. 

PROPERTIES: Table A-4 , Air (T f = (T s + Toc)/2 = 310 K, 1 atm): V = 1.69 x 10~ 5 m 2 /s, k = 0.0270 
W/m-K, a = 2.40 x 10' 5 m 2 /s, Pr = 0.706, p = 1/T f . 


ANALYSIS: (a) For the isothermal plate channel, Eq. 9.45 with Eqs. 9.37 and 9.38, allow for 
calculation of the heat transfer from a plate to the ambient air. 


Nu s 


Nu 


S 


Cj 

RagS/L 


1 - 1/2 


+ 


C 2 

(Ra s S/L) 1/2 


g/A S 
T s k 


( 1 ) 

( 2 ) 


Ra s 


g/3(T s -T cx; )S 3 

av 


(3) 


where, from Table 9.3, for the symmetrical isothermal plates, Ci = 576 and C 2 = 2.87. Properties are 
evaluated at the film temperature Tf. Substituting numerical values, evaluate the correlation 
parameters and the heat rate. 

9.8 m/s 2 (1/310 K)(47-27)K(0.015 m) 3 
Rag =-= 5267 

2.40xl0“ 5 m 2 /sxl.69xl0“ 5 m 2 /s 


Nu s = 


1.994 = 


576 


2.87 


5267x0.015 m/0.50 m (5267x0.015 m/0.050 m) 1/2 
q/(0.50x0.50)m“ 0.015 m 


- 1/2 


= 1.994 


(47-27)K 0.0274 W/m-K 


q = 18.0 W 


Continued 




PROBLEM 9.87 (Cont.) 


(b) Using the foregoing relations in IHT, the heat rate is calculated for a range of spacing S. 



Note that the heat rate increases with increasing spacing up to about S = 20 mm. This implies that for 
S > 20 mm, the side wall of the oven behaves as an isolated vertical plate. From the treatment of the 
vertical channel, Section 9.7.1, the spacing to provide maximum heat rate from a plate occurs at S max 
which, from Table 9.3, is evaluated by 

S ma x =1-71 S opt =0.01964 m = 19.6 mm 
S opt =2.7l(Ra s /S 3 L) 1M =0.01147 m 

For the condition S = S max , the spacing is sufficient that the boundary layers on the plates do not 
overlap. 

COMMENTS: Using the Churchill-Chu correlation, Eq. 9.26, for the isolated vertical plate, where 

g _ 

the characteristic dimension is the height L, find q = 20.2 W (RaL = 1.951 x 10 and hj^ = 4.03 

2 

W/m K). This value is slightly larger than that from the channel correlation when S > S max , but a 
good approximation. 



PROBLEM 9.88 

KNOWN: Inclination angle of parallel plate solar collector. Plate spacing. Absorber plate and inlet 
temperature. 

FIND: Rate of heat transfer to collector fluid. 

SCHEMATIC: 


ASSUMPTIONS: (1) Flow in 
collector corresponds to buoyancy 
driven flow between parallel plates 
with quiescent fluids at the inlet and 
outlet, (2) Constant properties. 



PROPERTIES: Table A-6, Water (T = 320K): p = 989 kg/m , c p = 4180 J/kg-K, |i = 577 x 


10' 6 kg/sm, k = 0.640 W/m-K, (3 = 436.7 x 10' 6 K _1 . 


ANALYSIS: With 
k 


a = 


0.640W/m ■ K 


■ = 1.55xl0 _7 m 2 /s 


P c p 989kg/m 3 (4180J/kg K) 
v = (|i/p)=(577xl0 _6 kg/sm)/989kg/m 3 = 5.83xl0 _7 nF 


/s 


find 


S_g|3(T s -T 00 )S 4 _ 9 - 8m/s2 | 

(436.7x10' 


(40K)(0.015m) 4 

L avL j 

1.55x10 7 m 2 /s) 

(5.83x10 7 m 2 /s' 

|1.5m 


n 

Ra s —= 6.39xl0 4 . 


Since Ras(S/L) > 200, Eq. 9.47 may be used, 

Nu s = 0.645 [Ra s (S/L)] 174 = 0.645(6.39xl0 4 ) 1/4 =10.3 

h = NTi s - = 10.3(0.64W/m- K/0.015m) = 43 8W/m 2 ■ K. 

s 

Hence the heat rate is 

q = hA(T s -T TO ) = 438W/m 2 ■ K(1.5m)(67 - 27)K = 26,300W/m. 


< 


COMMENTS: Such a large heat rate would necessitate use of a concentrating solar collector for 
which the normal solar flux would be significantly amplified. 




PROBLEM 9.89 

KNOWN: Critical Rayleigh number for onset of convection in vertical cavity filled with atmospheric 
air. Temperatures of opposing surfaces. 

FIND: Maximum allowable spacing for heat transfer by conduction across the air. Effect of surface 
temperature and air pressure. 

SCHEMATIC: 


T 1 = 22°C 



T 2 = -20°C 



Air, p = 1 atm 


K-X— L c 


ASSUMPTIONS: (1) Critical Rayleigh number is RaL c = 2000, (2) Constant properties. 

PROPERTIES: Table A-4 , air [T = (Ti + T 2 )/2 = 1°C = 274K]: v = 13.6 x 10‘ 6 m 2 /s, k = 0.0242 
W/m-K, a= 19.1 x 10' 6 m 2 /s, f5 = 0.00365 K' 1 . 

ANALYSIS: With Ra L;C = g jS (Ti - T 2 ) L 3 C lav. 


av Rap^c 

1/3 

19.1xl3.6xl(T 12 m 4 /s 2 x2000 

_g|S(T,-T 2 )_ 


9.8 m / s 2 x 0.00365 K _1 x 42°C 


= 0.007m = 7 mm 


< 


The critical value of the spacing, and hence the corresponding thermal resistance of the air space, 
increases with a decreasing temperature difference, T ] - T 2 , and decreasing air pressure. With v = 
p/p and a = k/pc p , both quantities increase with decreasing p, since p decreases while p, k and c p are 
approximately unchanged. 

COMMENTS: (1) For the prescribed conditions and L c = 7 mm, the conduction heat flux across the 

air space is q' = k(Tj -T 2 )/L c = 0.0242 W/m-Kx42°C/0.007m = 145 W/m 2 , (2) With triple pane 

construction, the conduction heat loss could be reduced by a factor of approximately two, (3) Heat 
loss is also associated with radiation exchange between the panes. 



PROBLEM 9.90 


KNOWN: Temperatures and dimensions of a window-storm window combination. 


FIND: Rate of heat loss by free convection. 

SCHEMATIC: 



Vertical 

cavity 


ASSUMPTIONS: (1) Both glass plates are of uniform temperature with insulated interconnecting 
walls and (2) Negligible radiation exchange. 

/r 

PROPERTIES: Table A-4, Air (278K, 1 atm): v = 13.93 x 10 m /s, k = 0.0245 W/m-K, a = 

AO 1 

19.6x10' m /s,Pr = 0.71, (3 =0.00360 K . 


ANALYSIS: For the vertical cavity, 


Ra L = 


gP(Ti-T 2 )L 3 

av 


9.8m/s 2 (o.00360K _1 )(30°C) (0.06m) 3 
19.6xl0 _6 m 2 /sxl3.93xl0 _6 m 2 /s 


Ra L =8.37 xlO 5 . 

With (H/L) = 20, Eq. 9.52 may be used as a first approximation for Pr = 0.71, 

N^ l =0.42Ra ! L /4 Pr°- 012 (H/L) _a3 = 0.42(8.37X10 5 ) 1/4 (0.71) a012 (20) -0 - 3 


Nu l =5.2 

= — k 0.0245W/mK 2 ~ 

h = Nu T — = 5.2-= 2.1 W/m ■ K. 

L L 0.06m 


The heat loss by free convection is then 
q = hA(T 1 -T 2 ) 


q = 2.lW/m 2 ■ K(l.2mx0.8m)(30°C) = 61W. 


< 


COMMENTS: In such an application, radiation losses should also be considered, and in fil tration 
effects could render heat loss by free convection significant. 



PROBLEM 9.91 


KNOWN: Absorber plate and cover plate temperatures and geometry for a flat plate solar 
collector. 

FIND: Heat flux due to free convection. 


SCHEMATIC: 



Absorber plate t 
7 > 70°C 


ASSUMPTIONS: (1) Aspect ratio, H/L, is greater than 12. 


-6 2 , 


PROPERTIES: Table A-4, Air (325K, 1 atm): v = 18.4 x 10 rrf/s, k = 0.028 W/m-K, a = 
26.2 x 10~ 6 m“/s, Pr = 0.703, (3 = 3.08 x 10~ 3 K" 1 . 

ANALYSIS: For the inclined enclosure, 

P (f! _t 2 )L 3 9 - 8m/s2 (3.08 x 10 _3 K _1 )(70 -35)°C(0.05m) 3 


Ra L 


av 


(26. 


-6 2 


)( 18 , 


-6 2 


2x10 m/s 18.4x10 m /s 


■) 


Ra L = 2.74x10 . 
With x <x*= 70°, Table 9.4, 


Nu L =1 + 1.44 


1708 


+ 


RaL cos x 
5830 


RaLCOsx 
\l/3 


1708(sinl.8x) 
Rap cosx 


1.6 


-1 


_V - J 

Nu l =1 + 1.44(0.99)(0.99) + l. 86 = 4.28 

r — k 0.028W/m K 2 

h = Nu T — = 4.28-= 2.4W/m -K. 

L L 0.05m 


Hence, the heat flux is 


q* = h(T[ — T 2 ) = 2.4W/m 2 ■ K(70 — 35)°C 


q" =84W/m 2 . < 

COMMENTS: Radiation exchange between the absorber and cover plates will also contribute to 
heat loss from the collector. 



PROBLEM 9.92 


KNOWN: Horizontal solar collector cover and absorber plates. 

FIND: Heat loss from absorber to cover plate for spacings (a) 60mm and (b) 10mm. 

SCHEMATIC: 

T P =Z9°C —\ L-bO,10mm —.j G-/ass cover pla+e ) 




Tj-50°C- 


T 


^—Absorber pla+e f 3m z 


ASSUMPTIONS: (1) Both plates are of uniform temperature with insulated interconnecting walls, 
(2) Surface radiation effects are negligible. 

PROPERTIES: Table A-4, Air (T f = (Ti + T 2 )/2 = 312K, 1 atm): v = 17.15 x 10" 6 m/s, k = 
0.0272 W/m-K, a = 24.35 x 10' 6 m 2 /s, Pr = 0.705, p = 1/T f = 3.21 x 10' 3 K" 1 . 


ANALYSIS: Tlie heat rate between the plates is 
q=q'.A s =hA s (T 1 -T 2 ) 

where h can be estimated by an appropriate correlation depending upon the magnitude of the 
Rayleigh number, Eq. 9.25, 

Ra L =gp(T 1 -T 2 )L 3 /va. 

(a) For separation distance L = 60mm, 

9.8m/s 2 x3.21xl0 _3 (50-29)K(0.060m) 3 < 

Ra L =---- ’ \ 9 -- = 3.417xl0 5 . 

17.15xl0 _C W/sx24.35xl0 _b m 2 /s 
As a first approximation, Eq. 9.49 is appropriate (note RaL >3x10 ), 


r — k k 
h = Nu T ■ — = — 


L 


L LL 


0.069RaJ^ 3 Pr 0074 


- 0.0272W/mK 
h = 


0.060m 


0.069(3.417xl0 5 ) 1/3 (0.705 ) a074 


= 2.13W/m z ■ K 


q = 2.13W/m 2 ■ Kx3m 2 (50-29)K =134W. 


( 1 ) 


( 2 ) 


(3) 


(4) 


(b) For separation distance L = 10mm, from Eq. (3) it follows that RaL = (10/60) x 3.417 x 10 
1582. Since RaL < 1700, heat transfer occurs by conduction only, such that 


< 

5 


kT hL , 
Nu T =—=1 


— , 0.0272W/m■ K _ n ^ TI 2 

or h=lx -= 2.72W/m z ■ K 

0.010m 


q = 2.72W/m 2 ■ Kx3m 2 (50-29)K = 171W. 


COMMENTS: Note that as L increases, from 10mm to 60mm, the heat rate decreases. 

However, For L > 60mm, the heat rate will not change. This follows from Eq. 4 which, for Ra > 3 x 
10 , h is independent of separation distance L. 



PROBLEM 9.93 


KNOWN: Rectangular cavity of two parallel, 0.5m square plates with insulated inter-connecting sides 
and with prescribed separation distance and surface temperatures. 

FIND: Heat flux between surfaces for three orientations of the cavity: (a) Vertical x = 90°C, (b) 
Horizontal with X = 0°, and (c) Horizontal with X = 180°. 

SCHEMATIC: 



ASSUMPTIONS: (1) Radiation exchange is negligible, (2) Air is at atmospheric pressure. 

6 2 

PROPERTIES: Table A-4, Air (T f = (T| + T 2 )/2 = 300K, 1 atm): v = 15.89 x 10" m /s, k = 

AO 0 1 

0.0263 W/m-K, a = 22.5 x 10" m /s, Pr = 0.707, p = 1/Tf = 3.333 x 10" K . 


ANALYSIS: The convective heat flux between the two cavity plates is 
Oconv = h (Tl - T 2 ) 

where h is estimated from the appropriate enclosure correlation which will depend upon the Rayleigh 
number. From Eq. 9.25, find 

_gp (r!-T 2 )L 3 _9.8m/s 2 x3.333xl0 _3 K _1 (325-275)K(0.05m) 3 _ 5 

va 15.89xl0 _ °irr /sx22.5xl0 - °trr /s 

Note that H/L = 0.5/0.05 = 10, a factor which is important in selecting correlations. 


(a) With x = 90°, for a vertical cavity, Eq. 9.50, is appropriate, 


Nu l = 0.22 


Pr 


0.22+ Pr 


-Ra T 


3°-28 f H y-1 /4 


V L J 


= 0.22 


0.707 


\0.28 


0.22 + 0.707 


-x5.71x 10 


( 10 ) 


-1/4 


= 4.692 


r k — 0.0263W/m K . 2 

hi = —Nu T =-x4.692 = 2.47W/m z ■ K 

L L 0.05m 

Oconv = 2.47W/m 2 ■ K(325 — 275)K = 123W/m 2 . 


(b) With x = 0* for a horizontal cavity heated from below, Eq. 9.49 is appropriate. 


h = — Nu t = 0.069-Ra} 73 Pr 0 ' 074 
L L L L 


0.069 


0.0263W/m ■ K 
0.05m 


/ .a/3 

(5.710xl0 3 j (0.707) 


0.074 


h = 2.92W/m ■ K 


q^ onv = 2.92W/m 2 K(325 -275)K =146W/m 2 . < 

(c) For x = 180° corresponding to the horizontal orientation with the heated plate on the top, heat 
transfer will be by conduction. That is, 

N^ L =1 or h L = Nu l — =1x0.0263W/m-K/(0.05m) =0.526W/m 2 K. 

L 

9conv =0.526W/m 2 ■ K(325 -275)K = 26.3W/m 2 . < 

COMMENTS: Compare the heat fluxes for the various orientations and explain physically their 
relative magnitudes. 



PROBLEM 9.94 


KNOWN: Horizontal flat roof and vertical wall sections of same dimensions exposed to identical 
temperature differences. 

FIND: (a) Ratio of convection heat rate for horizontal section to that of the vertical section and (b) 
Effect of inserting a baffle at the mid-height of the vertical wall section on the convection heat rate. 


SCHEMATIC: 


T t - 

T* 

■Baffle , -part(b) 


A 


H=3m 


JL 



L-0.1m K—H 

Vertical wall section 


H— 

Horiz-onta! roof section 


T Z =-10°C 


ASSUMPTIONS: (1) Ends of sections and baffle adiabatic, (2) Steady-state conditions. 

PROPERTIES: Table A-4, Air (f = (T x +T 2 )/2 = 277K,latm): v = 13.84 x 10' 6 m 2 /s, k = 
0.0245 W/mK, a = 19.5 x 10~ 6 m 2 /s, Pr = 0.713. 


ANALYSIS: (a) The ratio of the convection heat rates is 

flhor _ h [ K)r A s AT _ h h or ^ 

Overt h vert A S AT h vert 

To estimate coefficients, recognizing both sections have the same characteristics length, L = 0.1m, with 
Ra L = gpATL Vva find 

9.8 m/s 2 x(l/277K)(l8 -(-10))K(0.1mf ,„ 6 

RaL =- t —5 -t —5 -=3.67x10 . 

13.84xl0 _c W/sxl9.5xl0 _b nU/s 


The appropriate correlations for the sections are Eqs. 9.49 and 9.52 (with H/L = 30), 


Nu t 


— n n£or> 1/3 r, 0.074 
hor — 0.069RaL Pr 


Nu. 


vert =0.42Ra 1 L /4 Pr a012 


(H/L) 


-0.3 


Using Eqs. (3) and (4), the ratio of Eq. (1) becomes, 


(3,4) 


q hor _ 0.069Rai/ 3 Pr° 074 


1/3 

0.06913.67 xlO 6 ) (0.713) 0074 


Overt 0.42Ra 1 L /4 Pr 0012 (H/L) 


-0.3 


0.42 3.67x10 


1/4 


■ = 1.57. 


(0.713)° 012 (30) 0,3 


(b) The effect of the baffle in the vertical wall section is to reduce H/L from 30 to 15. Using Eq. 9.52, 
it follows, 


Obaf _ h baf _ ( H/L )baf 
\-0.3 


^ 15 ^ °‘ 3 


v 30 y 


1.23. 


0 h ( H/L )“ 

That is, the effect of the baffle is to increase the convection heat rate. 


COMMENTS: (1) Note that the heat rate for the horizontal section is 57% larger than that for the 
vertical section for the same (T | - T 2 ). This indicates the importance of heat losses from the ceiling or 
roofs in house construction. (2) Recognize that for Eq. 9.52, the Pr > 1 requirement is not completely 
satisfied. (3) What is the physical explanation for the result of part (b)? 




PROBLEM 9.95 

KNOWN: Double-glazed window of variable spacing L between panes filled with either air or carbon 
dioxide. 

FIND: Heat transfer across window for variable spacing when filled with either gas. Consider these 
conditions (outside, Tp inside, T 2 ): winter (-10, 20°C) and summer (35°C, 25°C). 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Radiation exchange is negligible, (3) Gases are at 
atmospheric pressure, (4) Perfect gas behavior. 

PROPERTIES: Table A-4: Winter, T = (-10 + 20)°C / 2 = 288K, Summer, T = (35 +25) T2/2 =303K: 


Gas 

T 

a 

V 

kx 10 3 

(1 atm) 

(K) 

(m 2 /s x 10 6 ) 

(m 2 /s x 10 6 ) 

(W/m-K) 

Air 

288 

20.5 

14.82 

24.9 

Air 

303 

22.9 

16.19 

26.5 

C0 2 

288 

10.2 

7.78 

15.74 

co 2 

303 

11.2 

8.55 

16.78 


ANALYSIS: The heat flux by convection across the window is 
q' = h(T!-T 2 ) 

where the convection coefficient is estimated from the correlation of Eq. 9.53 for large aspect ratios 
10< H/L < 40, 

Nu l =hL/k = 0.046RaL 4 . 

Substituting numerical values for winter (w) and summer (s) conditions, 

9.8m/s 2 (1/288K) (20-(-10)) KL? ,_,„ 9 , 3 

Ra L,w,air at r, t 3.360x10 L 

20.5x10 b nC/sxl4.82xlO V 2 /s 

Ra L,s,air = 8. 7 24 xl ° 8 L 3 Ra L,w,C<L = 1-286 xl0 10 L 3 Ra L,s,C0 2 = 3.378xl0 9 L 3 

the heat transfer coefficients are 

iiw.air = (0.0249W/m K/L)x0.046(3.360xl0ri 3 J = 0.276L _I/4 

h Siair =0.209L- 1/4 l,„, C o 2 =0.244L- |/4 h s>C o 2 =0.186L- 1/4 

For a separation distance such that H/L = 40, the maximum aspect ratio for the correlation, with H = 
1.5 m, L = 37.5 mm find 

9 w,air =18.8W/m 2 q;, air =4.7W/m 2 q';,c0 2 =16.6W/m 2 q^O, =4.2W/m 2 . 

Using C0 2 rather than air reduces the heat loss/gain by approximately 12%. Note the winter heat rate 
for this window is nearly 4 times that for summer. 



PROBLEM 9.96 

KNOWN: Dimensions of double pane window. Thickness of air gap. Temperatures of room and 
ambient air. 

FIND: (a) Temperatures of glass panes and heat rate through window, (b) Resistance of glass pane 
relative to smallest convection resistance. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Negligible glass pane thermal resistance, (3) Constant 
properties. 

PROPERTIES: Table A-3, Plate glass: k p = 1.4 W/m-K. Table A-4, Air (p = 1 atm). T fji = 287.6K: 
Vi = 14.8 x 10" 6 m 2 /s, ki = 0.0253 W/m-K, a t = 20.9 x 10" 6 m 2 /s, Pri - 0.710, ft = 0.00348 K' 1 . T = 
(T S)i + T S;0 )/2 = 272.8K: v = 13.49 x 10~ 6 m 2 /s, k = 0.0241 W/m-K, a = 18.9 x 10' 6 m 2 /s, Pr = 0.714, 
P = 0.00367 K' 1 . T fi0 = 258.2K: V G = 12.2 x 10' 6 m 2 /s, k 0 = 0.0230W/m-K, a= 17.0 X 10' 6 m 2 /s, Pr 
= 0.718, p Q = 0.00387 K' 1 . 

ANALYSIS: (a) The heat rate may be expressed as 


0 — 0o — h 0 H (t S)0 Too.o ) 

(1) 

c l = c lg = hgH (T s j-T so ) 

(2) 

q = qi = hjH 2 (Too i - T s i ) 

(3) 


where h G and hj may be obtained from Eq. (9.26), 

f l 2 

— 0.387 Ra^ 6 

NU H = °' 825 + -- ^8727 

l + (0.492/Pr) 9/16 

with Ra H =g J 8 0 (T S 0 -T o0 0 )H 3 /a 0 v 0 and Ra H = gft (t* ; i -T s;i )h 3 I respectively. Assuming 

4 7 — 

10 < Ra L < 10 , h g is obtained from 

N^ l = 0.42Raj 24 Pr 0 - 012 (H/L) -0 ’ 2 

where Ra L = g/3 (t s j - T s 0 ) L 3 / av. A simultaneous solution to Eqs. (1) - (3) for the three unknowns 
yields 


Continued 





PROBLEM 9.96 (Cont.) 


T s i =9.1°C, T s 0 = -9.6°C, q = 35.7 W < 

where hj = 3.29 W/m 2 • K, h Q = 3.45 W/m 2 • K and h g = 1.90 W /m 2 • K. 

(b) The unit conduction resistance of a glass pane is R cond = L p / k p = 0.00429 m“ ■ K / W, and the 

v _ 2 

smallest convection resistance is R” onv o = (l / h 0 ) = 0.290 m ■ K / W. Hence, 


Rcond ^conv,min ^ 

and it is reasonable to neglect the thermal resistance of the glass. 

2 

COMMENTS: (1) Assuming a heat flux of 35.7 W/m through a glass pane, the corresponding 
temperature difference across the pane is AT = cf (h p /k p ) = 0.15°C. Hence, the assumption of an 

isothermal pane is good. (2) Equations (1) - (3) were solved using the IHT workspace and the 
temperature-dependent air properties provided by the software. The property values provided in the 
PROPERTIES section of this solution were obtained from the software. 



PROBLEM 9.97 


KNOWN: Top surface of an oven maintained at 60°C. 

FIND: (a) Reduction in heat transfer from the surface by installation of a cover plate with specified air 
gap; temperature of the cover plate, (b) Effect of cover plate spacing. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Oven surface at Ti = T s for both cases, (3) Negligible 
radiative exchange with surroundings and across air gap. 

PROPERTIES: Table A.4, Air (T f = (T s + TJ/2 = 315 K, 1 atm): v = 17.40 x 10 6 m 2 /s, k = 0.0274 
W/m-K, a = 24.7 x 10 6 m 2 /s; Table A.4 , Air (T = (Ti + T 2 )/2 and T l2 = (T 2 + TJ/2): Properties 
obtained form Correlations Toolpad of IHT. 

ANALYSIS: (a) The convective heat loss from the exposed top surface of the oven is q s = h A S (T S - 
TJ. With L = A s /P = (0.5 m) 2 /(4 x 0.5 m) = 0.125 m. 


Ra L =^ 

va 


9.8m/s 2 (1/315 K) (60-23)° C (0.125 m) 2 
17.40x 10~ 6 m/s 2 x 24.7x 10~ 6 m/s 2 


5.231xl0 6 . 


The appropriate correlation for a heated plate facing upwards, Eq. 9.30, is 


Nu L = —— = 0.54Ra} /4 
k L 


10 4 < Ra, < 10 7 


h = 


{ 0.0274W/m-K A 
0.125 m 


x 


0.54^5.231x10^ j 1/4 = 5.66 w/ m 2 K 


Hence, the heat rate for the exposed surface is 

q s = 5.66 w/m 2 - K(0.5 m) 2 (60- 23)° C = 52.4 W . 


< 


With the cover plate, the surface temperature (T s = T 2 ) is unknown and must be obtained by 
performing an energy balance at the top surface. 



Tqo = 23°C 


t 2 


T-i = T s = 60° C 

9cp 


Continued 






PROBLEM 9.97 (Cont.) 


Equating heat flow across the gap to that from the top surface, q g = q cp . Hence, for a unit surface area, 
hg (Tl — ^2) = h C p (T2 - Tqq ) 

where h C p is obtained from Eq. 9.30 and hg is evaluated from Eq. 9.49. 

_L = hgL = Q 069Ra l/3 pr 0.074 
k L 

Entering this expression from the keyboard and Eq. 9.30 from the Correlations Toolpad, with the 
Properties Toolpad used to evaluate air properties at T and T fs , IHT was used with L = 0.05 m to obtain 

T 2 = 35.4°C q cp = 13.5 W < 

where hg =2.2W/m K and h C p = 4.4 W/nr-K. Hence, the effect of installing the cover plate 
creating the enclosure is to reduce the heat loss by 


^Pxl00 = 52 - 4 - 13 - 5 xl00 = 74%. 


q s 


52.4 


Note, however, that for L = 0.05 m, Ra L = 2.05 x 10 5 is slightly less than the lower limit of applicability 
for Eq. 9.49. 


(b) If we use the foregoing model to evaluate T 2 and q cp for 0.005 < L < 0.05 m, we find that there is no 

effect. This seemingly unusual result is a consequence of the fact that, in Eq. 9.49, Nup ^ Ra p , in 

which case ho is independent of L. However, Ra L and Nu L do decrease with decreasing L, eventually 

approaching conditions for which transport across the airspace is determined by conduction and not 
convection. If transport is by conduction, the heat rate must be determined from Fourier’s law, for which 

= (k/L)(Ti - T 2 ) and the equivalent, pseudo , Nusselt number is Nup = hL/k = 1. If this expression 
is used to determine h CT in the energy balance, q cp increases with decreasing L. The results would only 

apply if there is negligible advection in the airspace and hence for Rayleigh numbers less than 1708, 
which corresponds to L ~ 10.5 mm. For this value of L, q cp = 15.4 W exceeds that previously determined 
for L = 50 mm. Hence, there is little variation in q cp over the range 10.5 < L < 50 mm. However, q cp 
increases with decreasing L below 10.5 mm, achieving a value of 24.2 W for L = 5 mm. Hence, a value 
of L slightly larger than 10.5 mm could be considered an optimum. 

COMMENTS: Radiation exchange across the cavity and with the surroundings is likely to be 
significant and should be considered in a more detailed analysis. 



PROBLEM 9.98 


KNOWN: The sample compartment of an optical instrument in the form of a rectangular cavity; one 
face in contact with instrument cover maintained at 27°C; other face having 10-mm thick insulation 
pad in contact with oven wall maintained at 227°C. 

FIND: Heat gain to the instrument, and average air temperature in the compartment. 


SCHEMATIC: 


Instrument 
cover 
T c = 27°C 



Sample compartment 

15 x 15 x 10 cm 


Insulating pad 
k = 0.05 W/m-K 
t = 10 mm 


Oven wall 


10 cm 


◄— •VWV - *"VWV~ # 

q R r. 

■'cav ■'ins 

Thermal circuit 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat losses from the edges of the 
rectangular-cavity shaped compartment, and (3) Constant properties. 

PROPERTIES: Table A-4, air (T f = T air = (T, + T c )/2 = 354 K, 1 atm): v = 2.132 X 10' 5 m 2 /s, k = 
0.0303 W/m-K, a = 3.051 X 10' 5 m 2 /s, Pr = 0.699, p = 1/T f . 


ANALYSIS: The system comprised of the rectangular cavity and the insulating pad can be 
represented by the thermal circuit shown above. The heat gain to the instrument and the hot-side 


temperature of the cavity, Tj, can be expressed as 


Ti _Ti-T c 


R ins + R cav 


R 


ms 


R 


cav 


The thermal resistance of the insulating pad is 

Lj 0.010 m 


R 


ms 


k i A s 0.05 W/m-K(0.15x0.15)m" 


:8.89 K/W 


(L2) 


(3) 


The thermal resistance of the rectangular cavity is 
R cav =l/(h A s ) 


(4) 


where L c is the cavity width and the average convection coefficient follows from Eq. 9.51 (since H/L c 
= 15/10= 1.5), 


KT hL c 
Nu t =-- 


f 


■ 0.18 


Pr 


\0.29 


0.2+ Pr 

3 


Ra Lc 


Ra^ — §>P (Tj T c )L C / ccv 


(5) 


( 6 ) 


where the properties are evaluated at the average cavity air temperature 

Tf =T air =(T i+ T c )/2 (7) 

Recognize that the system of equations needs to be solved iteratively by initially guessing values of Tj 
or solved simultaneously using equation-solving software with a properties library. The results are: 

q = 10.4 W T air =134°C < 

COMMENTS: Other parameters resulting from the analyses are: 

Nu Lc =14.3 Ra L =4.57xl0 6 h=4.33W/m 2 K R cav = 10.28 K/W 




PROBLEM 9.99 


KNOWN: Rectangular cavity of two parallel, 0.5m square plates with insulated boundaries and with 
prescribed separation distance and surface temperatures. 

FIND: Convective heat flux between surfaces for tilt angles of (a) 45° and (b) 75°. 


SCHEMATIC: 



ASSUMPTIONS: (1) Radiation exchange is negligible, (2) Cavity air is 1 atm. 


PROPERTIES: Table A-4, Air (T f = (T, + T 2 )/2 = 300K, 1 atm): k = 0.0263 W/rnK, v = 15.89 x 
10' 6 m 2 /s, a = 22.5 x 10' 6 m 2 /s, Pr = 0.707, p = 1/T f = 3.333 x 10~ 3 K' 1 . 


ANALYSIS: (a) The convective heat flux between the plates is q" = h (T| -T 2 ) where h is 
estimated from the appropriate correlation with 

_gp (r!-T 2 )L 3 _9.8m/s 2 x3.333xl0 _3 K _1 (325-275)K(0.05m) 3 _ 5 

RaL —-—- t —7 -t— -—5.710x10 . 


va 


22.5xl0 _6 m 2 /sxl5.89xl0 _6 m 2 /s 


For H/L = 0.5m/0.05m = 10 and X < X* (x* = 64° from Table 9.4), Eq. 9.55 is suitable, 

Nu l (x = 90 ) 1Z,T * 


Nu,= N u,(x=0) 


Nu l (x =0) 


(sinx *) 


x/4x* 


( 1 ) 


For Nu. (x =90°), Eq. 9.50 is appropriate, 


— / ^ Pr 

Nu. (x = 90°) = 0.22 -Ra 

L ^ 0.2+ Pr j 

For Nu. (x =0°), Eq. 9.49 is appropriate, 


A0.2V hV 1/4 


L 


V L J 


( 


= 0.22 


0.707 5 

-5.71x10 


\ 0-28 


0.2 + 0.707 


( 10 ) 


- 1/4 


= 4.72. 


Nu l (x = 0") = 0.069Raj^ 3 Pr 0 ' 074 = 0.069x(5.71x 10 5 ) 1/3 (0.707) 0 - 074 = 5.58. 


Substituting numerical values into Eq. (1) with x = 45°, 

N^ l =5.58[4.72/5.58] 45/64 (sin64) 45/4x64 =4.86 
h = Nu l k/L= 4.86x0.0263W/m- K/0.05m = 2.56W/m 2 ■ K. 

q" = 2.56W/m 2 K(325 -275)K =128W/m 2 . < 

(b) For x = 75°, x > x*, the critical tilt angle, Eq. 9.56 is appropriate for estimating h. 

Nu l =Nu l ( t =90)-(sinx) 1/4 =4.72(sin75°) 1/4 = 4.68 

h = Nli L k/L = 4.68x0.0263W/m - K/0.05m = 2.46W/m 2 ■ K. 

q" = 2.46W/m 2 K(325 -275)K =123W/m 2 . < 

COMMENTS: Note that Nu L (x =0) >Nu L (x =90°). For the cavity conditions there is little 
change in h for tilt angles, X, from 45° to 90°. 



PROBLEM 9.100 


KNOWN: Dimensions and surface temperatures of a flat-plate solar collector. 

FIND: (a) Heat loss across collector cavity, (b) Effect of plate spacing on the heat loss. 

SCHEMATIC: 



ASSUMPTIONS: Negligible radiation. 

PROPERTIES: Table A.4 , Air (T = (T, + T 2 )/2 = 323 K): v = 18.2 x 10 6 m 2 /s, k = 0.028 W/m-K, a = 
25.9 x 10 6 m 2 /s, (3 = 0.0031 K 1 . 

ANALYSIS: (a) Since H/L = 2 m/0.03 m = 66.7 > 12, x < x* and Eq. 9.54 may be used to evaluate the 
convection coefficient associated with the air space. Hence, q = h A s (Ti - T 2 ), where h = (k/L) Nul 
and 


Nu L =1 + 1.44 1- 

RaLCOsx_ 

For L = 30 mm, the Rayleigh number is 


1708 (sin 1.8X) 1 
RaL cost 


RaL cost 


Ra L = 


gfi (Xj -T 2 )L 3 9.8m/s 2 |o.0031K 1 j^40°C )(0.03m) 3 

av 25.9xl0 _6 m 2 /sxl8.2xl0 _6 m 2 /s 


= 6.96x10 


and Ra L cosx = 3.48 x 10 4 . It follows that Nul = 3.12 and h = (0.028 W/mK/0.03 m)3.12 = 2.91 
W/irf-K. Hence, 

q = 2.91 w/m 2 -K^4m 2 j^40°cj = 466 W < 

(b) The foregoing model was entered into the workspace of IHT, and results of the calculations are 
plotted as follows. 



0.017 0.028 0.039 0.05 0.011 0.012 0.013 0.014 0.015 0.016 


Plate spacing, L(m) 


Plate spacing, L(m) 


Continued... 





PROBLEM 9.100 (Cont.) 



Plate spacing, L(m) 


The plots are influenced by the fact that the third and second terms on the right-hand side of the 
correlation are set to zero at L ~ 0.017 m and L ~ 0.011 m, respectively. For the range of conditions, 
minima in the heat loss of q ~ 410 W and q = 397 W are achieved at L ~ 0.012 m and L - 0.05 m, 
respectively. Operation at L ~ 0.02 m corresponds to a maximum and is clearly undesirable, as is 
operation at L < 0.011 m, for which conditions are conduction dominated. 

COMMENTS: Because the convection coefficient is low, radiation effects would be significant. 




PROBLEM 9.101 


KNOWN: Cylindrical 120-mm diameter radiation shield of Example 9.5 installed concentric with a 
100-mm diameter tube carrying steam; spacing provides for an air gap of L = 10 mm. 

FIND: (a) Heat loss per unit length of the tube by convection when a second shield of diameter 140 
m is installed; compare the result to that for the single shield calculation of the example; and (b) The 
heat loss per unit length if the gap dimension is made L = 15 mm (rather than 10 mm). Do you expect 
the heat loss to increase or decrease? 

SCHEMATIC: 



1st shield 

Tl, D 1 = 120 or 130 mm 

2nd shield 

T 2 = 35°C 

D 2 = 140 or 160 mm 

Air gaps 

L = 10 or 15 mm 


Ti Tl T 2 

> •-V\A/V^VWV -# 

R g1 Rg2 

Thermal circuit 


ASSUMPTIONS: (1) Steady-state conditions, and (b) Constant properties. 

PROPERTIES: Table A-4, Air (T f = (T s + Toc)/2 = 350 K, 1 atm): v = 20.92 x 10" 6 m 2 /s, k = 0.030 
W/m-K, Pr = 0.700. 

ANALYSIS: (a) The thermal circuit representing the tube with two concentric cylindrical radiation 
shields having gap spacings L = 10 mm is shown above. The heat loss per unit length by convection 
is 


Tj~T 2 

R gl + R g 2 


( 1 ) 


where the Rg represents the thermal resistance of the annular gap (spacing). From Eq. 9.58, 59 and 
60, find 


R, „ 


MjVDj) 

2^k c ff 


^ = 0 . 386 ^ 


Pr 


a/4 


0.861 + Pr 


( *\ 1/4 

( Ra c) 


Ra ;_ [MOp/Pi)] 


L 3 ( D r 3/5 +Dq 3/5 ) 
3 


Ra L 


Ra L = &P (T 0 ~Tj)L J lav 


( 2 ) 

(3) 

(4) 

(5) 


where the properties are evaluated at the average temperature of the bounding surfaces, Tf = (Tj + 
T 0 )/2. Recognize that the above system of equations needs to be solved iteratively by initial guess 
values of Tf, or solved simultaneously using equation-solving software with a properties library. The 
results are tabulated below. 


Continued 




PROBLEM 9.101 (Cont.) 


(b) Using the foregoing relations, the analyses can be repeated with L = 15 mm, so that Dj = 130 mm 
and D 2 = 160 mm. The results are tabulated below along with those from Example 9.5 for the single¬ 
shield configuration. 


Shields 

L(mm) 

Rg, (m-K/W) 

Rg 2 (m-K/W) 

R'tot (m-K/W) 

Ti(°C) 

q (W/m) 

1 

10 

0.7658 

... 

0.76 

... 

100 

2 

10 

1.008 

0.8855 

1.89 

74.8 

44.9 

2 

15 

0.9773 

0.8396 

1.82 

74.3 

46.8 


COMMENTS: (1) The effect of adding the second shield is to more than double the thermal 
resistance of the shields to convection heat transfer. 

(2) The effect of gap increase from 10 to 15 mm for the two-shield configuration is slight. Increasing 
L allows for greater circulation in the annular space, thereby reducing the thermal resistance. 

(3) Note the difference in thermal resistances for the annular spaces R< r | of the one-and two-shield 
configurations with L = 10 mm. Why are they so different (0.7658 vs. 1.008 m-K/W, respectively)? 

(4) See Example 9.5 for details on how to evaluate the properties for use with the correlation. 



PROBLEM 9.102 


KNOWN: Operating conditions of a concentric tube solar collector. 

FIND: Convection heat transfer per unit length across air space between tubes. 

SCHEMATIC: 

4 = 

T 0 = 

D; =0. 
lj - 70 



ASSUMPTIONS: (1) Steady-state conditions, (2) Long tubes. 


-6 2 , 


PROPERTIES: Table A-4, Air (T = 50°C, 1 atm): v = 18.2 x 10 m /s, k = 0.028 W/m-K, a 
= 25.9 x 10' 6 rri7s, Pr = 0.71, p = 0.0031 K \ 

ANALYSIS: For the annular region 
Ra L = 


Ra L =4.03x10 . 
Hence, from Eq. 9.60, 

Ra 


_gp(T s -T 00 )L 3 _l 

[9.8m/s 2 ) 

|o.0031K _1 

| (70 — 30)°C(0.025m) 3 

va j 

18.2x10 6 m 2 /sj| 

25.9xl0 _6 m 2 / sj 


[in (0.15/0.10)]' 


c r -|5 

(0.025m) 3 (0.10) _3/5 +(0.15) _3/5 

Accordingly, Eq. 9.59 may be used, in which case 


x4.03xl0 = 3857. 


k e ff =0.3 86k 


Pr 


4/4 


0.861 +Pr 


1/4 


k e ff =0.386(0.028W/mK) 
From Eq. 9.58, it then follows that 


(Ra*) 

^_0/71_ 

0.861 + 0.71 


4/4 


xl/4 


(3857) =0.07W/mK. 


2 ^ k eff (rr 2Tt(0.07W/mK) 

q = 7-777 x (Ti-T Q )= ———— (70-30) C = 43.4W/m. 


ln(D 0 /Di) 


In (0.15/0.10) 


COMMENTS: An additional heat loss is related to thermal radiation exchange between the inner 
and outer surfaces. 



PROBLEM 9.103 


KNOWN: Annulus formed by two concentric, horizontal tubes with prescribed diameters and surface 
temperatures is filled with water. 

FIND: Convective heat transfer rate per unit length of the tubes. 

SCHEMATIC: 

~T- = 300 K } Dj -50mm 


Z_ = 


■Do-A- 


-12..5mm 



T a -350D 0 = ISinm 


Wafer 


ASSUMPTIONS: Steady-state conditions. 


-3 3, 


PROPERTIES: Table A-6, Water (Tf = 325K): p = (1/1.013 x 10 m /kg), c p = 4182 J/kg-K, p = 
6 2 6 1 
528 x 10"' N-s/m , k = 0.645 W/m-K, Pr = 3.42, p = 471.2 x 10" 1 K . 

ANALYSIS: From Eqs. 9.58 and 9.59, 

/ 2ft k e ff , v k e ff - ( Pr V /4/ *' 1/4 


(Ti-T 0 ) 


■ 0.386 


0.861 + Pr 


^n(D 0 /Di) 

From Eq. 9.60, Raj = [in (D 0 / Dj )] 4 ■ Ra L /L 3 (dF 3/5 + D“ 3/5 ) 5 . 

The Rayleigh number follows from Eq. 9.25 using V = p/p and a = k/p c p , 

9.8m/s 2 x471.2x10“ 6 K _1 (350- 300) Kx(l2.5x 10 _3 mj 


(Ra c ) . (1,2) 


(3) 


Ra L = 


gP(T 0 -T i )C 


va 


-6 2 -3 rn 

528x10 N-s/nTx 1.013x10 — 


^0.645W/m-Kxl.013xl0 3 m 3 /kg ^ 


kg 


4182J/kg ■ K 


Ra L =5.396xlO . 
Using this value in Eq. (3), find 

l4 


* 

Ra„ = 


i 75 
in\ — 
{ 50 


x5.396xl0 5 / ^12.5x10 3 mj 


3 ( 


50x10 3 m 


~i-3 / 5 r 


75x10 3 m 


-|-3/5 


A 5 


= 5.164x10 


and then evaluating Eq. (2), find 


\l/4 


0.861 + 3.42 


5.164x10^ 


1/4 


= 5.50 


k eff =5.50xO.645W/m K =3.55W/m K. 

(350-300)K = 2.75kW/m. 


The heat rate from Eq. (1) is then, 
, 27tx3.55W/mK 

q = 


£n(75/50) 


COMMENTS: Note that the Ra c value is within prescribed limits for Eq. 9.50 or Eq. (3). Note also 
the characteristic length in RaL is L = (D 0 - D;)/2, the annulus gap. 



PROBLEM 9.104 


KNOWN: Annulus formed by two concentric, horizontal tubes with prescribed diameters and surface 
temperatures is filled with nitrogen at 5 atm. 

FIND: Convective heat transfer rate per unit length of the tubes. 


SCHEMATIC: 


L=ZSm m 



1J- 30OK > Dj=ZOOmm 


T o =400K } D 0 = 250rrun 


Nitrogen, Satm 


ASSUMPTIONS: (1) Thermophysical properties k, p, and Pr, are independent of pressure, (2) 
Density is proportional to pressure, (3) Perfect gas behavior. 

PROPERTIES: Table A-4, Nitrogen (f = (T, +T 0 )/2 = 350K, 5 atm): k = 0.0293 W/mK, p = 
200 x 10 7 N-s/m', p(5 atm) = 5 p (1 atm) = 5 x 0.9625 kg/m 3 = 4.813 kg/m 3 , Pr = 0.711, v = p/p = 
4.155 x 10~ 6 m 2 /s, a = k/pc = 0.0293 W/mK/(4.813 kg/m 3 x 1042 J/kg-K) = 5.842 x 10' 6 m 2 /s. 


ANALYSIS: From Eqs. 9.58 and 9.59 
271 k e ff 


q =- 


:(T 0 -Ti) 


=0.386' 


Pr 


A 


1/4 


0.861 + Pr 


/ * \l/4 
(Ra c ) . 


^n(D 0 /Di) 

From Eq. 9.60, 

Ra*=[fn(D 0 /Di)] 4 Ra L /L 3 (Dr 3/5 + D- 3/5 ) 5 . 

(3) 

* 

The Rayleigh number, RaL, follows from Eq. 9.25, and Ra c from Eq. (3), 

gPClo-TitL 3 9.8m/s 2 (1/350K)(400 - 300)K(0.025m) 3 , on „,„ n6 

RaL =-=- t—~-t—t:-=1.802X10 . 


av 


5.842xl0 _6 m 2 /s X4.155 xl0 _6 m 2 /s 


Ra r 


£n 


250 


200 

and then evaluating Eq. (2), 


( 1 , 2 ) 


xl.802xl0 6 / (0.025m) 3 (o.20 _3/5 +0.25 -375 ) 5 m 3 = 98,791 


k eff _ 

k 


f 

0.386 

V 


0.711 

0.861+0.711 



(98,791) 1/4 


Hence, the heat rate, Eq. (1), becomes 


5.61. 



2te x5.61x0.0293W/m- K 
^(250/200) 


(400-300) K =463W/m. 


< 


COMMENTS: Note that the heat loss by convection is nearly six times that for conduction. 
Radiation transfer is likely to be important for this situation. The effect of nitrogen pressure is to 
decrease v which in turn increases RaL; that is, free convection heat transfer will increase with 
increase in pressure. 



PROBLEM 9.105 


KNOWN: Diameters and temperatures of concentric spheres. 
FIND: Rate at which stored nitrogen is vented. 


SCHEMATIC: 


H&, 

TJ=77K - 

T 0 =Z8ZK- 






—Liquid nifrogen 
■D 0 -1.1m 


ASSUMPTIONS: (1) Negligible radiation. 

PROPERTIES: Liquid nitrogen (given): hf g = 2 x 1() 5 J/kg; Table A-4, Helium (T = (Tj + T () )/2 = 
180K, 1 atm): v = 51.3 x 10' 6 m 2 /s, k = 0.107 W/mK, a = 76.2 m7s, Pr = 0.673, [3 = 0.00556 K \ 

ANALYSIS: Performing an energy balance for a control surface about the liquid nitrogen, it follows 
that 

0 = Oconv = ™hfg- 

From the Raithby and Hollands expressions for free convection between concentric spheres, 

Oconv = keffft (DjD 0 / L)(T 0 - Tj) 

k eff =0.74k[Pr/(0.861+Pr)] 1/4 (Ra*) 1/4 

L _ Ra L 

(D oDi ) 4 ( D r7/5 + D -7/5j 5 

o _ T . 9.8m/s 2 (o.00556K _1 j(206K)(0.05m) 3 

RaL = 11 =— - V ’ - — =3.59xl0 5 

va (51.3x10 °m z /s)(76.2x10 V/s 

Pa,* = °- 05m z _ 3 - 59Xl ° 5 , = 529 

(l. 10m 2 j 1 + (1.1) _7/5 m -7 

=0.74(0.107W/m K)[0.673/(0.861+0.673)] 174 (529) 1/4 =0.309W/m K. 
Hence, q conv = (0.309W/m- K)tc (l.lOm 2 /0.05m)206 K = 4399 W. 

The rate at which nitrogen is lost from the system is therefore 

m=qconv/ h fg = 4399W/2xl0 5 J/kg = 0.022 kg/s. < 



COMMENTS: The heat gain and mass loss are large. Helium should be replaced by a 
noncondensing gas of smaller k, or the cavity should be evacuated. 



PROBLEM 9.106 


KNOWN: Concentric spheres with prescribed surface temperatures. 
FIND: Convection heat transfer rate. 


SCHEMATIC: 


L s 12.Smm- 


-lj = 525 D; = 75mm 
— 7^-275K ) £> o =100mm 


^—A ir, 5>atm 

ASSUMPTIONS: (1) Quiescent air in void space, (2) Density ~ pressure; other properties 
independent, (3) Perfect gas behavior. 

PROPERTIES: Table A-4, Air (T f = 300K, 3 atm): [3 = 3.33 x 10' 3 K' 1 , v = 1/3 x 15.89 x 1()' 6 
m 2 /s, k = 0.263 W/mK, a = 1/3 x 22.5 x 10' 6 m 2 /s, Pr = 0.707. 


ANALYSIS: The heat transfer rate due to free convection is 


q-k eff 7t(D i D 0 /L)(T i T 0 ) 


where 


^^ = 0.74 


0.861 + Pr 


1/4 / *\l/4 

(Ra s ) 


(9.61) 


(9.62) 


L _ Ra L 

(DoD,) 4 ( D rV5 + D -7/5) 5 


(9.63) 


gp(T 1 -T 0 )L 3 


(9.25) 


Substituting numerical values in the above expressions, find that 


9.8m/s 2 x3.333x10 3 K 1 (325-375 )k(12.5x 10 3 m 


Ra L = 


-3 \ _3 


(1/3)5.89x10 6 m 2 /s(l 7 3)22.5x10 V/s 


,-6 2 


= 80,928 


* 

Ra s = 


12.5xl0 _3 )m 


( UJX1U 80,928 

100x10 3 x75xl0 3 ) m 4 f( 75xl0 -3 m ) 1,5 +(i00xl0“ 3 m 


= 330.1 


^L=0.74 °- 707 

k ^0.861 + 0.707 

Hence, the heat rate becomes 


q = 2.58x0.263- 


(330.l) 1/4 = 2.58. 


75x10 3 mx 100x10 3 m 
12.5xl0 _3 m 


(325 - 275) K = 64.0W. 


COMMENTS: Note the manner in which the thermophysical properties vary with pressure. 

Assuming perfect gas behavior, p ~ p. Also, k, p and c p are independent of pressure. Hence, Pr is 

-l -l 

independent of pressure, but V = p/p ~ p and a = k/pc ~ p . 



PROBLEM 9.107 


KNOWN: Cross flow over a cylinder with prescribed surface temperature and free stream 
conditions. 


FIND: Whether free convection will be significant if the fluid is water or air. 

SCHEMATIC: 



■X) = SOmm J Cylinder 


ASSUMPTIONS: (1) Constant properties, (2) Combined free and forced heat transfer. 

PROPERTIES: Table A-6, Water (T f = (T* + T s )/2 = 300K): v = p v, = 855 x 10~ 6 N-s/m 2 x 1.003 
x 10' 3 m 3 /kg = 8.576 x 10' 7 m 2 /s, p = 276.1 x 10' 6 K' 1 ; Table A-4, Air (300K, 1 atm): v = 15.89 x 10' 
6 m 2 /s, p = 1/T f = 3.333 x 10~ 3 K' 1 . 

ANALYSIS: Following the discussion of Section 9.9, the general criterion for delineating the relative 

? 

significance of free and forced convection depends upon the value of Gr/Re . If free convection is 
significant. 

Grp/Re^l (1) 

where Grp> = g P (T^-T s )D 3 /v 2 and Rep>=VD/v. (2,3) 

(a) When the surrounding fluid is water, find 

2 

Grp, =9.8m/s 2 x276.1xl0 _6 K _1 (35-20)K(0.05m) 3 /(8.576xl0 _7 m 2 /s) =68,980 
Re D =0.05m/sx0.05m/8.576xl0 _7 m 2 /s =2915 

Grp, /Re^ =68,980/2915 2 = 0.00812. < 

2 

We conclude that since Gr D /Re‘5 «1, free convection is not significant. It is apparent that forced 
convection dominates the heat transfer process. 

(b) When the surrounding fluid is air, find 

2 

Grp) =9.8m/s 2 x3.333xl0 _3 K _1 (35-20)K(0.05m) 3 /(l5.89xl0 _6 m 2 /s) =242,558 
Rep, =0.05m/s x0.05m/15.89 xl0 _6 m 2 /s =157 

Grp,/Re^, = 242,558/157 2 =9.8. < 

2 

We conclude that, since Gr D /Rep, » 1, free convection dominates the heat transfer process. 

COMMENTS: Note also that for the air flow situation, surface radiation exchange is likely to be 
significant. 



PROBLEM 9.108 


KNOWN: Parallel air flow over a uniform temperature, heated vertical plate; the effect of free 

9 

convection on the heat transfer coefficient will be 5% when Gr L /ReL = 0.08. 

FIND: Minimum vertical velocity required of air flow such that free convection effects will be less 
than 5% of the heat rate. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Criterion for combined free-forced convection 
determined from experimental results. 

PROPERTIES: Table A-4, Air (T f = (T s + XJ/2 = 315K, 1 atm): v = 17.40 x 10' 6 m7s, [1 = 1/T f . 

ANALYSIS: To delineate flow regimes, according to Section 9.9, the general criterion for 
predominately forced convection is that 

GrL/Re 2 «l. (1) 

2 

From experimental results, when Cup /Re^ ~ 0.08, free convection will be equal to 5% of the total 
heat rate. 


For the vertical plate using Eq. 9.12, 


Gr _gP(Ti-T 2 )L j _9.8m/s 2 xl/315Kx(60-25)Kx(0.3m) J 7 

L o ~ 


V' 


(n. 


40xl0 _6 m 2 / s 


( 2 ) 


For the vertical plate with forced convection, 


D UoqL 

R e L =- 


U “ ( °' 3m) , 1.724X10* 


17.4xl0 _6 m 2 / s 


(3) 


By combining Eqs. (2) and (3), 



9.711X10 7 

1.724xl0 4 u oo 


0.08 


find that 


Uoo = 2.02m/s. 


< 


That is, when uoo > 2.02 m/s, free convection effects will not exceed 5% of the total heat rate. 




PROBLEM 9.109 


KNOWN: Vertical array of circuit boards 0.15m high with maximum allowable uniform surface 
temperature for prescribed ambient air temperature. 

FIND: Allowable electrical power dissipation per board, q' [ W / mj, for these cooling arrangements: 

(a) Free convection only, (b) Air flow downward at 0.6 m/s, (c) Air flow upward at 0.3 m/s, and (d) 
Air flow upward or downward at 5 m/s. 

SCHEMATIC: 



(a) (b) V= O.iBm/s, V= ~ im/s 


ASSUMPTIONS: (1) Uniform surface temperature, (2) Board horizontal spacing sufficient that 
boundary layers don’t interfere, (3) Ambient air behaves as quiescent medium, (4) Perfect gas 
behavior. 

PROPERTIES: Table A-4, Air (T f = (T s + T c J/2 = 315K, 1 atm): v = 17.40 x 10' 6 m7s, k = 0.0274 
W/m-K, a = 24.7 x 10' 6 m 2 /s, Pr = 0.705, [3 = 1/T f . 

ANALYSIS: (a) For free convection only, the allowable electrical power dissipation rate is 

q / = h L (2L)(T s -T 00 ) (1) 

where hL is estimated using the appropriate correlation for free convection from a vertical plate. Find 
the Rayleigh number, 

_gPATl/ 9.8m/sfil/315K)(60-25)K(0.150mf _ 0 ...^ IA 6 


Ra L =■ 


17.4x 10 _6 m 2 /sx24.7x 10 -6 m 2 /s 


= 8.551x10 . 


Since Ra L <10 , the flow is laminar. With Eq. 9.27 find 


Nu t = — = 0.68 + 
L k 


0.670RaL /4 


0.670 8.551xlO c 


= 0 . 68 +- 


- —/ y v~ — 

1 + (0.492/Pr) 9/16 1 + (0.492/0.705) 9716 


■=28.47 (3) 


h L =(0.0274W/m- K/0.150m)x28.47 = 5.20W/m^ K. 

Hence, the allowable electrical power dissipation rate is, 

q=5.20W/m 2 ■K(2x0.150m)(60-25)°C = 54.6W/m. 

(b) With downward velocity V = 0.6 m/s, the possibility of mixed forced-free convection must be 
considered. With ReL = VL/v, find 

{C',: /l? „2 \ _ f IT) a 2 ^ 


(Gtp/Re 2 )= ^/Re 2 (4) 

v ri y 

2 

(Gr L /Re 2 ) = (8.551xl0 6 /0.705)/(0.6m/sx0.150m/17.40xl0 _6 m 2 /s) =0.453. 


Continued 





PROBLEM 9.109 (Cont.) 


Since ^Gr L /Re 2 j ~1, flow is mixed and the average heat transfer coefficient may be found from a 
correlating equation of the form 


Nu = Nup ± Nu" (5) 

where n = 3 for the vertical plate geometry and the minus sign is appropriate since the natural 
convection (N) flow opposes the forced convection (F) flow. For the forced convection flow, ReL = 
5172 and the flow is laminar; using Eq. 7.31, 

J/2 D 1/3 a r z' a / r i oa a/2 

( r\ r-tr\r\ 1/3 


Nu F = 0.664 Rep z Pr 17 J = 0.664(5172) ' (0.705) = 42.50. 

Using Nu n = 28.47 from Eq. (3), Eq. (5) now becomes 


( 6 ) 


Nu* 


h = 


f hL ^ 


: (42.50) 3 -(28.47 ) 3 


Nu =37.72 


0.0274W/m-K 3 


x 37.72 = 6.89W/m z ■ K. 


J 


0.150m 

\ 

Substituting for h into the rate equation, Eq. (1), the allowable power dissipation with a downward 
velocity of 0.6 m/s is 

q' = 6.89W/m 2 K(2x0.150m)(60-25)°C = 72.3W/m. < 

(c) With an upward velocity V = 0.3 m/s, the positive sign of Eq. (5) applies since the N-flow is 
assisting the F-flow. For forced convection, find 

Rep = VL/v = 0.3m/s xO. 150m/ (l7.40xl0 _6 m 2 /s) = 2586. 

The flow is again laminar, hence Eq. (6) is appropriate. 


1/2 


a/3 


Nu F =0.664(2586) (0.705) =30.05. 

From Eq. (5), with the positive sign, and Nu from Eq. (4), 


Nu 3 =(30.05 ) 3 +(28.47) 3 


or 


Nu =36.88 and h = 6.74W/m z ■ K. 


From Eq. (1), the allowable power dissipation with an upward velocity of 0.3 m/s is 

q' = 6.74W/m 2 K(2x0.150m) (60-25)°C =70.7W/m. < 

(d) With a forced convection velocity V = 5 m/s, very likely forced convection will dominate. Check 
by evaluating whether (Gr L Re j" j« 1 where ReL = VL/v = 5 m/s x 0.150m/(17.40 x 10 6 m 2 /s) = 
43,103. Hence, 

(&L/Re£) = 


Uk /Re 2 
Pr L 


J 


= |8.551xl0 6 /0.705 j/43,103 2 =0.007. 


The flow is not mixed, but pure forced convection. Using Eq. (6), find 

h = (0.0274W/m- K/0.150m) 0.664(43,103) 1/2 (0.705) 173 = 22.4W/m 2 ■ K 
and the allowable dissipation rate is 

q=22.4W/m 2 K(2x0.150m) (60-25)°C = 235W/m. 


COMMENTS: Be sure to compare dissipation rates to see relative importance of mixed flow 
conditions. 



PROBLEM 9.110 

KNOWN: Horizontal pipe passing hot oil used to heat water. 
FIND: Effect of water flow direction on the heat rate. 


SCHEMATIC: 




ASSUMPTIONS: (1) Uniform pipe surface temperature, (2) Constant properties. 

PROPERTIES: Table A-6, Water (T f = (T s + T„)/2 - 335K): v = p f v f = 4.625 x 1()' 7 m 2 /s, k = 
0.656 W/m-K, a = k v f /c p = 1.595 x 10' 7 m 2 /s, Pr = 2.88, [3 = 535.5 x 10~ 6 K' 1 ; Table A-6 , Water (Too 
= 310K): v = p f v f = 6.999 x 10' 7 m 2 /s, k = 0.028 W/m-K, Pr - 4.62; Table A-6, Water (T s = 358K): 
Pr = 2.07 


ANALYSIS: The rate equation for the flow situations is of the form 
q'^TCDj^-Too). 


To determine whether mixed flow conditions are present, evaluate ^Grp /Rep 

g(3ATD 3 9.8m/s 2 x535.5xl0“ 6 K _1 (85-37)K(0.100m) 3 r) o 
Gin =-=-=1.178x10 

4.625xl0“ 7 m 2 /s 

Re D = VD/v =0.5m/sx0.100m/6.999xl0“ 7 m 2 /s=7.144xl0 4 . 

It follows that | Gif, / R e6 j = 0.231; since this ratio is of order unity, the flow condition is mixed. Using 


~n —n 


Eq. 9.64, Nu = Nuf ± Nun and for the three flow arrangements, 


(a) Transverse flow: 

-4 -4 -4 

Nu = Nuf + Nun 


(b) Opposing flow: 


(c) Assisting flow: 


-3 -3 -3 

Nu = Nuf -Nun 


-3 -3 —3 

Nu = Nuf + Nun 


For natural convection from the cylinder, use Eq. 9.34 with Ra = Gr-Pr. 


Nu n = ^ 


0.60+ ■ 


0.387Ra{/ 6 


1+ (0.559/Pr) 9/16 


8/27 


0.60+- 


( 9 \ 1/6 

0.387 1.178x10 x2.88 


1+ (0.559/2.88) 


9/16 


8/27 


> = 201.2 


For forced convection in cross flow over the cylinder, from Table 7-4 use 


Nup = C Reg Pr 11 (Pr/Pr s ) 


\1 /4 


Nu = 0.261 7.144xl0 4 )°' 6 (4.62) 0 37 (4.62/2.07) 1 /4 = 457.5 


1/4 


Continued 




PROBLEM 9.110 (Cont.) 


where n = 0.37 since Pr < 10. The results of the calculations are tabulated. 


Flow 

Nu 

h(w/m 2 k) 

q'xlO 4 (W/m) 

(a) Transverse 

461.7 

3029 

4.57 

(b) Opposing 

444.1 

2913 

4.39 

(c) Assisting 

470.1 

3083 

4.65 


COMMENTS: Note that the flow direction has a minor effect (<6%) for these conditions. 






PROBLEM 9.111 


KNOWN: Diameter and surface temperature of long tube housing heat dissipating electronic 
components. Temperature of cooling water. 

FIND: (a) Heat dissipation per unit length to quiescent water, (b) Percent enhancement for imposed 
cross flow. 


SCHEMATIC: 



ASSUMPTIONS: Constant properties evaluated at Tf. 

PROPERTIES: Table A-6, Water (325K): p = 987 kg/m 3 , p = 528 x 10' 6 kg/s m, v = p/p = 0.535 x 
10' 6 m 2 /s, k = 0.645 W/m-K, Pr = 3.42, p = 471 x 10' 6 K' 1 . 

ANALYSIS: (a) With 

BgATD 3 9.8m/s 2 x471xl0 _6 K _1 (50 K)(0.1m) 3 3.42 o 

Ra D =i-^--Pr =---- L - = 2.76xlO y 


V 


use the Churchill and Chu correlation 


0.535xl0 _6 m 2 /s 


Nu d = < 


0.60 + - 


0.387Ra[) /6 


1+ (0.559/Pr) 


9/16 


“18/27 


0.60+ - 


0.387 2.76xKf 


1/6 


1+(0.559/3.42) 


9/16 


8/27 


= 191 


h = Nu d (k/D) = 191(0.645W/m- K/0.1 m) = 1232W/m 2 ■ K. 


Hence, 


q=7tDh(T s -Too)= 7C (0.lm)1232W/m 2 K(350-300)K =19.4kW/m. < 


(b) Using the Hilpert correlation (for which properties are evaluated at Tf), it follows that, for pure 
forced convection, 


Re D = 


VD 

v 


1 m/s xO.lm 
0.535xl0 _6 m 2 / s 


= 1.87xl0 5 . 


Hence, using the Hilpert correlation, 


Nu d f = 0.027Ref) 805 Pr 1/3 = 0.027 


/ 0.805 , ,o 

(1.87x10 I (3.42) 


= 713. 


For mixed convection with n = 4, 

Nu 11 =n)Jf +NuN = (713) 4 + (191) 4 = 2.59xl0 11 Nu =714 
h = Nu(k/D) = 714(0.645W/m-K/0. lm) =4605W/m 2 K. 


Hence, q = httD (T s -T^) =4605W/m 2 KxTt (0.1m)(350-300)K = 72.3kW/m. < 

The cross flow enhances the heat rate by a factor of 72.3/19.4 = 3.7. 


COMMENTS: (1) With V = 1 m/s, heat transfer is dominated by forced convection. 



PROBLEM 9.112 


KNOWN: Horizontal square panel removed from an oven and cooled in quiescent or moving air. 
FIND: Initial convection heat rates for both methods of cooling. 

SCHEMATIC: 



ASSUMPTIONS: (1) Quasi-steady state conditions, (2) Backside of plates insulated, (3) Air flow is 
in the length-wise (not diagonal) direction, (4) Constant properties, (5) Radiative exchange negligible. 

PROPERTIES: Table A-4, Air (T f = (T m + T s )/2 = 350K, 1 atm): v = 20.92 x 10' 6 m7s, k = 0.030 
W/m-K, a = 29.9 x 10" 6 m 2 /s, Pr = 0.700, [3 = 1/T f . 

ANALYSIS: The initial heat transfer rate from the plates by convection is given by the rate equation 
q = h A s (T s -T M ). Test for the existence of combined free-forced convection by calculation of the 

ratio Gtq /Re^ • Use the same characteristic length in both parameters, L = 250mm, the side length. 

On _ gPATL 3 _ 9.8m/ S 2 (l/350K)(125-29)K(0.250m) 3 _ n;m -in7 

L 7 If, 0 \2 

v 20.92xl0 -b m/s^l 

Re L = Uoo L/v =0.5m/sx0.250m/ (20.92xl0 _6 m 2 /s) = 5.975xlO 3 . 

2 7 

Since Gr^ /Rep = 2.69 flow is mixed. For the stationary plate, RaL = Gtl • Pr = 6.718 x 10 and 

Eq. 9.31 is the appropriate correlation, 

N^ n = ^=0.15Ra[ /3 =0.15(6.718xl0 7 ) 1/3 =60.9 

h = (0.030W/m- K/0.250m)x60.9 = 7.31 W/m 2 ■ K. 

q =7.31 W/m 2 ■ Kx(0.250m) 2 (125 -29)K = 43.9W. < 

3 

For the plate with moving air , ReL = 5.975 x 10 and the flow is laminar. 

Nu f =0.664 Ref 72 Pr 1/3 = 0.664(5.975 xlO 3 j' 2 (0.700) 1/3 =45.6. 

For combined free-forced convection, use the correlating equation with n = 7/2. 

Nu =Nuf +Nun =(45.6) +(60.9) Nu = 66.5. 

h = Nuk/L= 66.5(0.030W/m K/0.25m) = 7.99W/m 2 K 

q =7.99W/m 2 ■ K(0.250m) 2 (125- 29)K =47.9W. < 

COMMENTS: (1) The conveyor method provides only slight enhancement of heat transfer. 



PROBLEM 9.113 


KNOWN: Wet garment at 25°C hanging in a room with still, dry air at 40°C. 
FIND: Drying rate per unit width of garment. 

SCHEMATIC: 



ASSUMPTIONS: (1) Analogy between heat and mass transfer applies, (2) Water vapor at garment 
surface is saturated at T s , (3) Perfect gas behavior of vapor and air. 

PROPERTIES: Table A-4, Air (T f « (T s + T cx ,)/2 = 305K, 1 atm): v = 16.39 x 10' 6 m7s; Table A- 
6, Water vapor (T s = 298K, 1 atm): p As = 0.0317 bar, p A s = 1/vf = 0.02660 kg/m 3 ; Table A-8, Air- 
water vapor (305 K): D A g = 0.27 x 10 4 m7s, Sc = v/DAB = 0.607. 


ANALYSIS: The drying rate per unit width of the garment is 
riiA =h m L(p A s -p A ,oo) 

where h m is the mass transfer coefficient associated with a vertical surface that models the garment. 
From the heat and mass transfer analogy, Eq. 9.24 and Fig. 9.6 yield 

Sh L =0.59 (Gil Sc) 1 74 

3 1 

where GrL = gApL /pv and Ap = p s - p^. Since the still air is dry, Poo = Pb,oo = Pb.c7Rr T^, where 
Rg = 91 /m g = 8.314 x 10“ m 3 -bar/kmo!K/29 kg/kmol = 0.00287 m 3 -bar/kg-K. With pg = 1 atm = 
1.0133 bar, 


Poo 


_ 1.0133 bar _ 

0.00287 m 3 -bar/kg Kx313 K 


= 1.1280 kg/m 3 


The density of the air/vapor mixture at the surface is p s = p As +p g s . With pg s = 1 atm - p A s = 
1.0133 bar - 0.0317 bar = 0.9816 bar, 

PB,s _ 0.9816 bar 


PB,s 


r B T s 0.00287 (m 3 ■ bar/kg ■ k)x 298 K 


T.1477 kg/nr 


Hence, p s = (0.0266 + 1.1477) kg/m 3 = 1.1743 kg/m 3 and p = (p s + Poo)/2 = 1.512 kg/m 3 . The 
Grashof number is then 

/3rL _ 9.8m/s 2 x(l.n43-1.1280)kg;m 3 (lm) 3 _ 1/ | 6x ., lf ,9 

-6 2 


1.1512 kg/m x 16.39x10 m /s 


and (Grg Sc) = 8.905 x 10 . The convection coefficient is then 


h m = Hae_ Sh r = a27xio A 7 i x059 j 8 


L 

The drying rate is then 


1 m 


905x10' 


\l/4 

) =°- 


00275 m/s 


m)y =2.750x10 3 m/sxl.0m(0.0226-0)kg/m 3 =6.21x10 5 kg/s m. 


COMMENTS: Since p s > p^, the buoyancy driven flow descends along the garment. 



PROBLEM 9.114 


KNOWN: Circular pan of water at 37°C exposed to dry, still air at 17°C. 
FIND: Evaporation rate and total heat transfer rate from the pan. 


SCHEMATIC: 


Quiescerrh 

air 1 ~Q 0 -l7°C 


T’sn, D-2.2.5Trim- 


®evap = 771 A h+g 

to /-Wafer (A), 7^ = 37°C, 


T^a.s ~7 3 A 1 sat\ 
^ e/ec 


ASSUMPTIONS: (1) Dry room air, (2) Negligible radiation, (3) Water vapor and air behave as 
perfect gases. 

PROPERTIES: TableA-4, Air (T f = (T s + T oo )/2=300K, 1 atm): v = 15.89 x 10" 6 m 2 /s, k = 0.0263 
W/m-K, Pr = 0.707, [3 = 1/T f ; Table A-6, Water (T s = 310K): p A , s = Pa, sat = l/v g = 0.04361 kg/m 3 , 
Pa.s - 0.0622 bar, hf g = 2414 kJ/kg; Table A-8, Air-water vapor (1 atm, T f = 300K): D AB ~ 0.26 x 10 
4 m 2 /s, Sc = v/D AB =0.611 

ANALYSIS: The evaporation rate and total heat transfer rate from the pan are 

m A — ( P A ,s ~ P A.oo ) — h m A s P AjSa t (T s ) 0 — 9 CO nv + 9evap — ^ A s (T s — ) + m A h^ (1,2) 

2 

where A s = TtD /4. The convection coefficients can be estimated from the free convection correlation 
for a horizontal, circular plate with L = A s /P = D/4 = 0.0563 m. 


To determine the appropriate convection correlation, we must first determine and p s . Since <1)00 = 0 
and the gas constant for air is R B = 91/m g =8.314 x 10-2 m 3 bar/kmolK/29 kg/kmol = 0.00287 

3 

m bar/kg-K, 


PB,°o 


RB Too 


_ 1.0133bar _ 

0.00287 m 3 ■ bar/kg ■ Kx290 K 


= 1.2175 kg/m 3 


At the surface, p s = p A s + p B s . With p B s = 1.0133 bar - p A s = 0.9511 bar, p B s = p B , s /R B T s = 
1.0690 kg/m3 and 

Ps = PA,s + PB,s = (0.0436 + 1.0690)kg/m 3 =1.1126 kg/m 3 

3 

From Eq. 9.65, with p = (p s + Poo)/2 = 1.1651 kg/m , the Grashof number is 

g( Poo - p s )L 3 9.8 m/ s 2 (o.0524 kg/m 3 )(0.0563 m) 3 

GiL = aiPoo Ps J =-1-I--— = 3.12x 10 5 

pv 1.165 lkg/m 3 (l5.89xl0 _6 m 2 /s) 

in which case Ra B = Or[ Pr = 2.21 x IQ 5 and Gr B Sc = 1.91 x 10 5 . From Eq. 9.30, 


o 1/4 
.54 Ra L = 


0.0263 W/m K 
0.0563 m 


.21x10' 


\l/4 

) = 5 - 


47 W/m-K 


Continued 




PROBLEM 9.114 (Cont.) 


and from its mass transfer analog, 

h m =^0.54(Gr L Sc) 1/4 = 

Substituting numerical values into the rate equations, Eqs. (1) and (2), find 
m A =5.21xl(T 3 m/s(7i (0.225m) 2 m) x0.04361kg/m 3 = 9.034xl0 _6 kg/s =32.5g/h < 

q = 5.47 W/m 2 -k(ti (0.225m) 2 /4)(37-17)K + 9.034xl0 _6 kg/sx2414xl0 3 J/kg 

q = (4.4+21.8) W = 26.2 W. < 

COMMENTS: As expected, the heat loss is more strongly influenced by the loss of latent energy. 


0.26x10 _4 m 2 /s 
0.0563 m 


0.54 1.91x10“ 


=0.00521m/s 



PROBLEM 9.115 


KNOWN: A water bath maintained at a uniform temperature of 37°C with top surface exposed to 
draft-free air and uniform temperature walls in a laboratory. 

FIND: (a) The heat loss from the surface of the bath by radiation exchange with the surroundings; 

(b) Calculate the Grashof number using Eq. 9.65 with a characteristic length L that is appropriate for 
the exposed surface of the water bath; (c) Estimate the free convection heat transfer coefficient using 
the result for Gr B obtained in part (b); (d) Invoke the heat-mass analogy and use an appropriate 
correlation to estimate the mass transfer coefficient using GrL; calculate the water evaporation rate on 
a daily basis and the heat loss by evaporation; and (e) Calculate the total heat loss from the surface 
and compare relative contributions of the sensible, latent and radiative effects. Review assumptions 
made in your analysis, especially those relating to the heat-mass analogy. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Laboratory air is quiescent, (3) Laboratory walls 
are isothermal and large compared to water bath exposed surface, (4) Emissivity of the water surface 
is 0.96, (5) Heat-mass analogy is applicable, and (6) Constant properties. 

PROPERTIES: Table A-6, Water vapor (T* = 293 K): p A ,oc, S at = 0.01693 kg/m 3 ; (T s - 310 K): 
p A , s - 0.04361 kg/m 3 , h fg = 2.414 x 10 6 J/kg; Table A-4 , Air (T^ - 293 K, 1 atm): p B ,oc =1.194 
kg/m 3 ; (T s = 310 K, 1 atm): p B , s =1.128 kg/m 3 ; (T f = (T s + T^/2 = 302 K, 1 atm): v B = 1.604 x 10~ 5 
m 2 /s, k = 0.0270 W/m-K, Pr = 0.706; Table A-8, Water vapor-air (T f = 302 K, 1 atm): D AB = 0.24 x 
10' 4 m 2 /s (302/298) 3/2 = 2.65 x 10~ 5 m 2 /s. 

ANALYSIS: (a) Using the linearized form of the radiation exchange rate equation, the heat rate and 
radiation coefficient can be estimated. 

h rad = £<7 (T s + T sur ) |t s + T sur j (1) 

h ra d =0.96 ct(310 + 298)(310 2 + 298 2 )k 3 =6.12 W/m 2 K < 

C 1 rad = h ra d^s (Ts - T sur ) (2) 

q rad =6.12 W/m 2 ■ Kx(0.25x0.50)m 2 x(37-25)K = 9.18 W 

(b) The general form of the Grashof number, Eq. 9.65, applied to natural convection flows driven by 
concentration gradients 

GrL=g(poo-p s )L 3 /pv 2 (3) 

where L is the characteristic length defined in Eq. 9.29 as L = A s /P, where A s and P are the exposed 
surface area and perimeter, respectively; p s and p TO are the density of the mixture at the surface and in 
the quiescent fluid, respectively; and, p is the mean boundary layer density, (p rjo + p s )/2, and v is the 

kinematic viscosity of fluid B, evaluated at the film temperature Tf = (T s + Too)/2. Using the property 
values from above, 
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PROBLEM 9.115 (Cont.) 

Ps = Pa.s + Pb.s = (0.04361+ 1.128)kg/m 3 = 1.1716 kg/m 3 

Poo — PA,o° "P PB,°° — 0ooPA,oo,sat ~f PB,°° 

poo =(0.6x0.01693 + 1.194)kg/m 3 =1.2042 kg/m 3 

p = (p s +Poo)/2 = 1.4601 kg/m 3 
Substituting numerical values in Eq. (3), find the Grashof number. 


Gr L = 


9.8 m/s 2 (1.2042-1.1716)kg/m 3 x(0.0833 m)~ 


1.4601 


kg/m 3 (l. 


604xl0~ 5 m 2 /s^ 


Grp =4.916xl(P < 

where the characteristic length is defined by Eq. 9.29, 

L = A s / P = (0.25x0.5)m 2 /2(0.25 + 0.50)m = 0.0833 m 

(c) The free convection heat transfer coefficient for the horizontal surface, Eq. 9.30, for upper surface 
of heated plate, is estimated as follows: 

Ra L = Gil Pr L = 4.916xl0 5 x0.706 = 3.471xl0 5 
Nu, = —= 0.54 RaJ /4 =13.11 


h = 13.11x0.0270 W/m K/0.0833 m = 4.25 W/m z K 


(d) Invoking the heat-mass analogy, the mass transfer coefficient is estimated as follows, 

Ra L , m = GrpSc = 4.916xl0 5 x0.605 = 2.975xl0 5 
where the Schmidt number is given as 

Sc = v / D AB = 1,604x 1(T 5 m 2 / s / 2.65 x 10~ 5 m 2 / s = 0.605 
The correlation has the form 

— = hmL =054Ra l/4 =1261 
L D AB L ’ m 

h m =12.61x2.65xl0“ 5 m 2 /s/0.0833 m = 0.00401 m/s < 

The water evaporation rate on a daily basis is 
n A = V^s ( PA,sat — PA,°o ) 

n A =0.00401 m/s(0.25x0.50)m 2 (0.04361-0.6x0.01693)kg/m 3 


Continued 




PROBLEM 9.115 (Cont.) 


nA = 1.677xl(T 5 kg/s = 1.45 kg/day < 

and the heat loss by evaporation is 

qevap = n A h fg =1.677xl0~ 5 kg/sx2.414xl0 6 J/kg = 40.5 W < 

(e) The convective heat loss is that of free convection, 

q C v = hA s (T s — Tqo ) 

q cv =4.25 W/m 2 x(0.25x0.50)m 2 (37-20)K = 9.02 W < 

In summary, the total heat loss from the surface of the bath, which must be supplied as electrical 
power to the bath heaters, is 

qtot = q rad + qcv + qevap 

q tot = (9.18 + 9.02 + 40.5)W = 59 W < 

The sensible heat losses are by convection (q ra d + q C v)> which represent 31% of the total; the balance 
is the latent loss by evaporation, 69%. 



PROBLEM 10.1 


KNOWN: Water at 1 atm with T s - T sat = 10°C. 

FIND: Show that the Jakob number is much less than unity; what is the physical significance of the 
result; does result apply to other fluids? 

ASSUMPTIONS: (1) Boiling situation, T s > T sat . 

PROPERTIES: Table A-5 and Table A-6, (1 atm): 



h f2 (kJ/kg) 

Cp, v (J/kg-K) 

Tsat(K) 

Water 

2257 

2029 

373 

Ethylene glycol 

812 

2742* 

470 

Mercury 

301 

135.5* 

630 

R-12 

165 

1015* 

243 


* Estimated based upon value at highest temperature cited in Table A-5. 

ANALYSIS: The Jakob number is the ratio of the maximum sensible energy absorbed by the vapor to 
the latent energy absorbed by the vapor during boiling. That is, 

Ja = (c pAT j ^ /hfg = Cp V AT e /hfg 

For water with an excess temperature AT S = T c - Too = 10°C, find 
Ja = (2029 J / k g ■ Kx 10K) /2257 x 10 3 J/kg 
Ja = 0.0090. 

Since Ja « 1, the implication is that the sensible energy absorbed by the vapor is much less than the 
latent energy absorbed during the boiling phase change. Using the appropriate thermophysical 
properties for three other fluids, the Jakob numbers are: 

Ethyleneglycol: Ja = (2742J/kg-Kxl0K)/812xl0 3 J/kg =0.0338 < 

Mercury: Ja = (135.5J/kg ■ Kxl0K)/301xl0 3 J/kg =0.0045 < 

Refrigerant, R-12: Ja = (l015J/kg-Kxl0K)/165xl0 3 J/kg =0.0615 < 

For ethylene glycol and R-12, the Jakob number is larger than the value for water, but still much less 
than unity. Based upon these example fluids, we conclude that generally we’d expect Ja to be much 
less than unity. 

COMMENTS: We would expect the same low value of Ja for the condensation process since c p g 
and c p f are of the same order of magnitude. 



PROBLEM 10.2 


KNOWN: Horizontal 20 mm diameter cylinder with AT C = T s - T sat = 5°C in saturated water, 1 atm. 

FIND: Heat flux based upon free convection correlation; compare with boiling curve. Estimate 
maximum value of the heat transfer coefficient from the boiling curve. 


SCHEMATIC: 

a T e =S°C- 
T s =105°C 



ASSUMPTIONS: (1) Horizontal cylinder, (2) Free convection, no bubble information. 

PROPERTIES: Table A-6 , Water (Saturated liquid, T f = (T sat + T s )/2 = 102.5 °C « 375K): p p = 956.9 kg/m 3 , C p j = 

6 2 6 1 
4220 J/kg-K, jlp = 274 x 10’ N-s/m , k p = 0.681 W/m-K, Pr = 1.70, (3 = 761 x 10" K . 


ANALYSIS: To estimate the free convection heat transfer coefficient, use the Churchill-Chu 
correlation, 


— hD 

D = T =< 


0.60+ - 


0.387Rat) /6 


1 + (0.559/Pr) 


9/16 


|8/27 


Substituting numerical values, with AT = AT e = 5°C, find 

gP ATD 3 9.8m/s 2 x761xl0“ 6 K _1 x5°C( 0.020m) 3 


Ra D - 


va 


274x10 6 N-s/m 2 /956.9 kg/m 3 


xl.686x10 7 m 2 /s 


- = 6.178x10 


where a = k/p c p = (0.681 W/m-K/956.9 kg/m 3 x 4220 J/kg-K) = 1.686 x 10 7 m 2 /s. Note that Rap is 
within the prescribed limits of the correlation. Hence, 


Nu D =■{ 


0.60 + - 


0.387 6.178x10' 


i 6 ) 


1/6 


1+(0.559/1.70) 


9/16 


8/27 


)■ =27.22 


r k 27.22x0.681W/m-K nno „ Tl 2 „ 

hm = Nur) — =-= 928W/m z K. 

D 0.020m 


Hence, =hf(AT e = 4640W/m“ 

From the typical boiling curve for water at 1 atm, Fig. 10.4, find at AT C = 5°C that 

q' =8.5xl0 3 W/m 2 < 

The free convection correlation underpredicts (by 1.8) the boiling curve. The maximum value of hq c 
can be estimated as 

h max “q^ax/ATe =1.2xl0 6 MW/m 2 /30°C = 40,000W/m 2 ■ K. < 

COMMENTS: (1) Note the large increase in h with a slight change in AT e . 

(2) The maximum value of h occurs at point P on the boiling curve. 



PROBLEM 10.3 


KNOWN: Spherical bubble of pure saturated vapor in mechanical and thermal equilibrium with its 
liquid. 

FIND: (a) Expression for the bubble radius, (b) Bubble vapor and liquid states on a p-v diagram; how 
changes in these conditions cause bubble to collapse or grow, and (c) Bubble size for specified 
conditions. 


SCHEMATIC: 


Interface jPv 


<3 


Saturated vapor t v 
at, Vi Psat ; v 
'Tiquicfl 
T rpi 


f 


Surface tension force 
•Interface 


Conditions ■ '”/*£ 

Vapor saturated at 101°C 
liquid pressure corresponding 
to saturation temperature 100°C 


*P~-Pi-Po -*+ 


/V 


st 



bubble 



Saturated 

vapor 


ASSUMPTIONS: (1) Liquid-vapor medium, (2) Thermal and mechanical equilibrium. 

PROPERTIES: Table A-6, Water (T sat = 101°C = 374.15K): p sat = 1.0502 bar; (T sat = 100°C = 
373.15K): p sat = 1.0133 bar, o = 58.9 x 10' 3 N/m. 

ANALYSIS: (a) For mechanical equilibrium, the difference in pressure between the vapor inside the 
bubble and the liquid outside the bubble will be offset by the surface tension of the liquid-vapor 
interface. The force balance follows from the free-body diagram shown above (right), 

F st =(^ r b) A P = (Pi-Po)(^ r b) 

(271 ib)a =(tt r b j( Pi _ Po) 

rb = 2o/(pi-p 0 ) (1) 

Thermal equilibrium requires that the temperatures of the vapor and liquid be equal. Since the vapor 
inside the bubble is saturated, pj = p saLv (T). Since p G < pj, it follows that the liquid outside the bubble 
must be superheated; hence, p 0 = pp (T), the pressure of superheated liquid at T. Hence, we can 
write, 


tb — 2o/(p sa t, v pp ) (2) < 

(b) The vapor [1] and liquid [2] states are represented on the following p-v diagram. Thermal 
equilibrium requires both the vapor and liquid to be at the same temperature [3]. But mechanical 
equilibrium requires that the outside liquid pressure be less than the inside vapor pressure [4], Hence 
the liquid must be in a superheated state. That is, its saturation temperature, T sat (p 0 ) [5] is less than 
Tsat(Pi); T f = Tsat(Po) and p G = pp. 


Continued 




PROBLEM 10.3 (Cont.) 



vapor 


v(Pi) 

(Po) 


< 


The equilibrium condition for the bubble is unstable. Consider situations for which the pressure of the 
surrounding liquid is greater or less than the equilibrium value. These situations are presented on 
portions of the p-v diagram 


When po < Po , T[ < T sat v and 

heat must be transferred out of 
the bubble and vapor condenses. 

Hence, the bubble collapses. 

A similar argument for the condition p(, > p 0 leads to Tf > T sa t v and heat is transferred into the 
bubble causing evaporation with the formation of vapor. Hence, the bubble begins to grow. 

(c) Consider the specific conditions 

T sa t,v = 101°C and T £ = T sat ( Po ) = 100°C 

and calculate the radius of the bubble using the appropriate properties in Eq. (2). 

ru = 2x58.9xl0 -3 —/ (1.0502 -1.0133)barx 
m 

% = 0.032mm. < 

Note the small bubble size. This implies that nucleation sites of the same magnitude formed by pits and 
crevices are important in promoting the boiling process. 






PROBLEM 10.4 


KNOWN: Long wire, 1 mm diameter, reaches a surface temperature of 126°C in water at 1 atm 
while dissipating 3150 W/m. 

FIND: (a) Boiling heat transfer coefficient and (b) Correlation coefficient, C s f, if nucleate boiling 
occurs. 


SCHEMATIC: 


W a+er. 
latm 




9=3150 W/m 


r 


71 -1Z6°C, D=1 


3- 


mm 


ASSUMPTIONS: (1) Steady-state conditions, (2) Nucleate boiling. 

PROPERTIES: Table A-6, Water (saturated, 1 atm): T s = 100°C, p/ = 1/vf = 957.9 kg/m 3 , Pf = 
l/v g = 0.5955 kg/m 3 , c p j = 4217 J/kg-K, [i ( = 279 x 10' 6 N-s/m 2 , Pr^ = 1.76, h fg = 2257 kJ/kg, o = 

58.9x 10' 3 N/m. 


ANALYSIS: (a) For the boiling process, the rate equation can be rewritten as 

/ 

h = q;/(T s -T sat ) = ^-/(T s -T saI ) 

TtD 

— 31 SOW/m ^ w o 

h = — /(126-100)°C = 1.00x10°——/26°C = 38,600W/trr ■ K. < 

7t x 0.001m m 2 

Note the heat flux is very close to q^ax > an d nucleate boiling does exist. 


(b) For nucleate boiling, the Rohsenow correlation may be solved for C s y to give 


[ M-f h fg 

11/3 

g(Pf-Pv) 

1/6 

( \ 
c p,.( AT e 

i 0s , 

1 

o 


v h fg Pr / ^ 


Assuming the liquid-surface combination is such that n = 1 and substituting numerical values with AT e = 
T s -T sat , find 



279xl0~ 6 N-s/m 2 x2257xl0 3 J/kg 
l.OOxlO 6 W/m 2 


1/3 


9.8^-(957.9-0.5955)-^- 
s 2 _m_ 

58.9xl0 _3 N/m 


4217J/kgKx26K 
2257 xlO 3 J/kgxl.76 


C s f =0.017. < 

COMMENTS: By comparison with the values of C s f for other water-surface combinations of Table 
10.1, the C s f value for the wire is large, suggesting that its surface must be highly polished. Note that 
the value of the boiling heat transfer coefficient is much larger than values common to single-phase 
convection. 



PROBLEM 10.5 


KNOWN: Nucleate pool boiling on a 10 mm-diameter tube maintained at AT e = 10°C in water at 1 
atm; tube is platinum-plated. 

FIND: Heat transfer coefficient. 


SCHEMATIC: 



/—Platinum - coated tube 

I T s -T sa t=*T e =10 c C 



ASSUMPTIONS: (1) Steady-state conditions, (2) Nucleate pool boiling. 

PROPERTIES: Table A-6, Water (saturated, 1 atm): T s = 100°C, p/ = 1/vf = 957.9 kg/m 3 , p v = 
1/vg = 0.5955 kg/m 3 , c p j = 4217 J/kg-K, \i £ = 279 x 10' 6 N-s/m 2 , Pr £ = 1.76, h fg = 2257 kJ/kg, a = 
58.9 x 10' 3 N/m. 


ANALYSIS: The heat transfer coefficient can be estimated using the Rohsenow nucleate-boiling 
correlation and the rate equation 


0s _ ^ llf g 

g(pf-Pv) 

1/2 

( \ 

c p ,1 

< 

1 

< 

o 

c s,f h fg Pr / n ^ 


From Table 10.1, find C s f = 0.013 and n = 1 for the water-platinum surface combination. Substituting 
numerical values, 


h = 


279xlO _6 N-s/m 2 x2257xl0 3 J/kg 


10K 

4217J/kg ■ KxlOK 


9.8m/s 2 (957.9-0.5955)kg/m 3 


58.9x10 3 N/m 


h3 


1/2 


x 


v 0.013x 2257 xl0 J J/kg x 1.76 


h = 13,690 W/m z K. 


// 2 

COMMENTS: For this liquid-surface combination, q' = 0.1 37MW/m, which is in general 

agreement with the typical boiling curve of Fig. 10.4. To a first approximation, the effect of the tube 
diameter is negligible. 



PROBLEM 10.6 


KNOWN: Water boiling on a mechanically polished stainless steel surface maintained at an excess 
temperature of 15°C; water is at 1 atm. 

FIND: Boiling heat transfer coefficient. 


SCHEMATIC: 



Mechanically polished 
stainless steel 


ASSUMPTIONS: (1) Steady-state conditions, (2) Nucleate pool boiling occurs. 

PROPERTIES: Table A-6, Saturated water (1 atm): T sat = 100°C, p g = 957.9 kg/m 3 , p v = 0.596 
kg/m 3 , c p j = 4217 J/kg-K, \i ( = 279 x 10' 6 N-s/m 2 , Pr ( ; = 1.76, o = 58.9 x 10' 3 N/m, h fg = 2257 
kJ/kg. 

ANALYSIS: The heat transfer coefficient can be expressed as 
h=qs/AT e 

where the nucleate pool boiling heat flux can be estimated using the Rohsenow correlation. 


g(p^-Pv) 

1/2 

( \ 

c p,f 

o 


v C s,f h fg Pr ? y 


9s _ M-f hfg 


From Table 10.1, find for this liquid-surface combination, C s f = 0.013 and n = 1, and substituting 
numerical values, 


fis 


279 x 10 -6 N ■ s / m 2 x2257 xlO 3 J/kg 


9.8m/s 2 (957.9-0.596)kg/m 3 


58.9x10 3 N/m 


f 4217 J/kg-Kxl5°C ^ 
v 0.013x2257kJ/kgxl.76 y 


1/2 


x 


q; =461.9kW/m 2 . 


Hence, the heat transfer coefficient is 

h =461.9xl0 3 W/m 2 /15°C =30,790 W/m 2 -K. 


< 


COMMENTS: Note that this value of q'' for AT e = 15°C is consistent with the typical boiling curve, 
Fig. 10.4. 



PROBLEM 10.7 

KNOWN: Simple expression to account for the effect of pressure on the nucleate boiling convection 
coefficient in water. 

FIND: Compare predictions of this expression with the Rohsenow correlation for specified A T e and 
pressures (2 and 5 bar) applied to a horizontal plate. 

ASSUMPTIONS: (1) Steady-state conditions, (2) Nucleate pool boiling, (3) C s f = 0.013, n = 1. 
PROPERTIES: Table A-6, Saturated water (2 bar): p/ = 942.7 kg/m 3 , Cp ^ = 4244.3 J/kg-K, \\.p = 
230.7 x 10 6 N-s/nT, Pr^ = 1.43, hf g = 2203 kJ/kg, o = 54.97 x 10 3 N/m, p v = 1.1082 kg/m 3 ; Saturated 
water (5 bar): p^ = 914.7 kg/m 3 , Cp j = 4316 J/kg-K, fl£ = 179 x 10 6 N-s/nT, Pr^ = 1.13, hf g = 

2107.8 kJ/kg, o = 48.4 x 10' 3 N/m, p v = 2.629 kg/in. 

ANALYSIS: The simple expression by Jakob [51] accounting for pressure effects is 

h=C(AT e )"(p/p a ) 0 - 4 (1) 

where p and p a are the system and standard atmospheric pressures. For a horizontal plate, C = 5.56 
and n = 3 for the range 15 < < 2 3 5 k W/m 2 . For AT e = 10°C, 


p = 2 bar h =5.56(10) 3 (2bar/1.0133bar) 0 ' 4 =7,298W/m 2 -K, q" = 73kW/m 2 < 

p = 5 bar h = 5.56(l0) 3 (5bar/1.0133bar) 0 ' 4 =10,529W/m 2 -K, q" = 105kW/m 2 < 


where q* = hAT e . The Rohsenow correlation, Eq. 10.5, with C s> f = 0.013 and n = 1, is of the form 

i3 


0s _ V-t hfg 


g(pf-Pv) 

1/2 

1 

Qh 

o 

1_ 

o 


C s,f hfg Pl > n 


( 2 ) 


N-s 


J 


P = 2 bar. q s = 230.7 xio ’-X2203xl0 ; 

m 2 k § 


q' s =232 kW/m z 

p = 4 bar: qg=439 kW/m^. 


m , , kg 

9.8 — (942.7-1.1082)- 

2 3 

s _ m 

54.97x 10 3 N/m 


1/2 


4244.3J/kg • KxlOK 

3 J 1 

0.013x2203x10^ —xl.43 


kg 


< 

< 


COMMENTS: For ease of comparison, the results with p a = 1.0133 bar are: 

(kW/m 2 ) 

Correlation/p (bar) _ 1 2 _4 

Simple 56 73 105 

Rohsenow 135 232 439 


Note that the range of q” is within the limits of the Simple correlation. The comparison is poor and 
therefore the correlation is not to be recommended. By manipulation of the Rohsenow results, find that 
the (p/p 0 ) m dependence provides m = 0.75, compared to the exponent of 0.4 in the Simple correlation. 



PROBLEM 10.8 


KNOWN: Diameter of copper pan. Initial temperature of water and saturation temperature of 
boiling water. Range of heat rates (1 < q < 100 kW). 

FIND: (a) Variation of pan temperature with heat rate for boiling water, (b) Pan temperature shortly 
after start of heating with q = 8 kW. 

SCHEMATIC: 



ASSUMPTIONS: (1) Conditions of part (a) correspond to steady nucleate boiling, (2) Surface of 
pan corresponds to polished copper, (3) Conditions of part (b) correspond to natural convection from 
a heated plate to an infinite quiescent medium, (4) Negligible heat loss to surroundings. 


PROPERTIES: Table A-6, saturated water (T sat = 100°C): Pf, = 957.9 kg/m 3 , p v = 0.60 kg/m 3 , 

c p ^ = 4217 J/ kg • K, Pf = 279xl0 -6 N• s/m 2 , Pr^ =1.76, h f = 2.257xlO 6 J/kg, cr = 0.0589N/M. 

Table A-6, saturated water (assume T s = 100°C, Tf = 60°C = 333 K): p = 983 kg/m 3 , p = 467 x 10 6 
N s/m 2 , k = 0.654 W/m-K, Pr = 2.99, j8 = 523 x 10" 6 K \ Hence, v = 0.475 x 10' 6 m 2 /s, a = 0.159 x 
10' 6 m 2 /s. 

ANALYSIS: (a) FromEq. (10.5), 


A T e — T s T sat — 


_ C s , f hfg Pr^ 


x 


q s I Pi hfg A s 


[g (pe-PvVo] 


1/2 


1/3 


For n = 1.0, C s y = 0.013 and A s = ;tD 2 /4 = 0.0707 m~. the following variation of T s with q s is 
obtained. 



As indicated by the correlation, the surface temperature increases as the cube root of the heat rate, 
permitting large increases in q for modest changes in T s . For q = 1 kW, Ts = 104.7°C, which is barely 
sufficient to sustain boiling. 


7 11 

(b) Assuming 10 < RaL < 10 , the convection coefficient may be obtained from Eq. (9.31). Hence, 
with L = A s /P = D/4 = 0.075m, 


Continued 








PROBLEM 10.8 (Cont.) 


fv \ 


h = 


V L J 


10.15 RaL 3 = 


0.654 W /m-K 
0.075m 


0.15 


9.8m/s z x523xl0 6 K 1 (T s -T- )(0.075m)~ 
0.475x0.159xl0“ 12 m 4 /s 2 


1/3 


= 1.308(2.86xl0 7 ) 1/3 (T s -T t ) 1/3 = 400(T S -Tj) 1/3 


With As = 7 zD 2 /4 = 0.0707 m“, the heat rate is then 


q = hA s (T s -Tj) = (400 W / m 2 ■ K 4/3 )o.0707 m 2 (T s -1- ) 4/3 


With q = 8000 W, 


T s = Tj + 69°C = 89°C < 

COMMENTS: (1) With (T s - TO = 69°C, Ra L = 1.97 x 10 9 , which is within the assumed Rayleigh 
number range. (2) The surface temperature increases as the temperature of the water increases, and 
bubbles may nucleate when it exceeds 100°C. However, while the water temperature remains below 
the saturation temperature, the bubbles will collapse in the subcooled liquid. 



PROBLEM 10.9 


KNOWN: Fluids at 1 atm: mercury, ethanol, R-12. 

FIND: Critical heat flux; compare with value for water also at 1 atm. 
ASSUMPTIONS: (1) Steady-state conditions, (2) Nucleate pool boiling. 
PROPERTIES: Table A-5 and Table A-6 at 1 atm, 



hf g 

(kJ/kg) 

Pv 

P £ 

(kg/m 3 ) 

a x 10 3 
(N/m) 

Tsat 

(K) 

Mercury 

301 

3.90 

12,740 

417 

630 

Ethanol 

846 

1.44 

757 

17.7 

351 

R-12 

165 

6.32 

1,488 

15.8 

243 

Water 

2257 

0.596 

957.9 

58.9 

373 


ANALYSIS: The critical heat flux can be estimated by the modified Zuber-Kutateladze correlation, 
Eq. 10.7, 


flmax -0.149 hfg p, 


ag(p^-py) 


1/4 


P? 


To illustrate the calculation procedure, consider numerical values for mercury. 
flmax = 0.149x301xl0 3 J/kgx3.90kg/m 3 x 


417xlO _3 N/mx9.8m/s z (12,740-3.90) kg/nr 


4/4 


(3.90kg/m 3 )" 


q^ax =1-34 MW/m 2 . 

For the other fluids, the results are tabulated along with the ratio of the critical heat fluxes to that for 
water. 


9 max(MW/m j flmax ! Qmax,water 


Mercury 

1.34 

1.06 

Ethanol 

0.512 

0.41 

R-12 

0.241 

0.19 

Water 

1.26 

1.00 


< 


COMMENTS: Note that, despite the large difference between mercury and water properties, their 
critical heat fluxes are similar. 



PROBLEM 10.10 


KNOWN: Copper pan, 150 mm diameter and filled with water at 1 atm, is maintained at 115°C. 

FIND: Power required to boil water and the evaporation rate; ratio of heat flux to critical heat flux; 
pan temperature required to achieve critical heat flux. 

SCHEMATIC: 

. . . P". j 

)gftWa>e/-T la+m ~ PaT1 ’ D=lSOm ”’ 

—Electric ranqe element 

//////////////v////////// 

ASSUMPTIONS: (1) Nucleate pool boiling, (2) Copper pan is polished surface. 

PROPERTIES: Table A-6, Water (1 atm): T sat = 100°C, p £ = 957.9 kg/m 3 , p v = 0.5955 kg/m 3 , 
Cp £ = 4217 J/kg-K, \x f: = 279 x 10~ 6 N-s/m 2 , Pr f = 1.76, h fg = 2257 kJ/kg, a = 58.9 x 10' 3 N/m. 


ANALYSIS: The power requirement for boiling and the evaporation rate can be expressed as 
follows, 

9boil = 9s'A s ri 1 = 9boil ^hfg. 

The heat flux for nucleate pool boiling can be estimated using the Rohsenow correlation. 

_i/o / \3 


9s 


g(pf-Pv) 


c p,fAT e 
C s,f h fg Pr f 


Selecting C s f = 0.013 and n = 1 from Table 10.1 for the polished copper finish, find 


q s =279x10 


-6 N-s 


x 2257x10 — 


9.8-^-(957.9-0.5955) — 

S _ rrT 

589xlO -3 N/m 


4217-xl5°C 

_kgTC_ 

3 J 

0.013x2257x10 —xl.76 


qs =4.619xl0 5 W/m 2 . 

The power and evaporation rate are 

9boil =4.619xl0 5 W/m 2 x^-(0.150m) 2 =8.16kW 

m boil = 8.16kW/2257xl0 3 J/kg =3.62xl0 _3 kg/s = 13kg/h. 
The maximum or critical heat flux was found in Example 10.1 as 

9max =l-26MW/m 2 . 

Hence, the ratio of the operating to maximum heat flux is 


4.619X10 5 W/m 2 /1,26MW/m 2 = 0.367. 


9max 


From the boiling curve, Fig. 10.4, AT C ~ 30°C will provide the maximum heat flux. 



PROBLEM 10.11 


KNOWN: Nickel-coated heater element exposed to saturated water at atmospheric pressure; 

thermocouple attached to the insulated, backside surface indicates a temperature T 0 = 266.4°C when 

7 3 

the electrical power dissipation in the heater element is 6.950 x 10 W/m . 

FIND: (a) From the foregoing data, calculate the surface temperature, T s , and the heat flux at the 
exposed surface, and (b) Using an appropriate boiling correlation, estimate the surface temperature 
based upon the surface heat flux determined in part (a). 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Water exposed to standard atmospheric pressure 
and uniform temperature, T sat , and (3) Nucleate pool boiling occurs on exposed surface, (4) Uniform 
volumetric generation in element, and (5) Backside of heater is perfectly insulated. 

PROPERTI E S: Table A-6, Saturated water, liquid (400°C): pp = 1 / Vf =957.9 kg/m 3 , 

c p j = c p f =4.217 kJ/kg-K, p ( = p f = 279xlO“ 6 N-s/m 2 , Pr ? =Pr f =1.76, h fg = 2257 kJ/kg, 

o = 58.9 x 10 3 N/m; Saturated water, vapor (100°C): p v = l/v g = 0.5955 kg/m 3 . 


ANALYSIS: (a) From Eq. 3.43, the temperature at the exposed surface, T s , is 

qL 2 6.95xl0 7 W/m 3 (0.015 m) 2 

T s = T 0 —-2 r — = 266.4°C-- 3 ’ 


2k 


2x50 W/m-K 


T s = 110.0°C 


The heat flux at the exposed surface is 

q's = q/L = 6.95xl0 7 W/m 3 /0.015 m = 4.63xl0 9 W/m 2 


< 


< 


(b) Since AT e = T s - T sat = (110- 100)°C = 10°C, nucleate pool boiling occurs and the Rohsenow 
correlation, Eq. 10.5, with from part (a) can be used to estimate the surface temperature, T s c , 


9s — AU hfg 


g(Pf-Pv) 

1/2 

( \ 

c p,f ^e, C 

<7 


v C s,f h fg Pr ( j 


From Table 10.1, for the water-nickel surface-fluid combination, C S; f = 0.006 and n = 1.0. 
Substituting numerical values, find AT e c and T s c . 


Continued 





PROBLEM 10.11 (Cont.) 


4.63xl0 9 W/m 2 = 279xl0~ 6 Ns/m 2 x2257xl0 3 J/kg 

T o ,-|l/2 

9.8 m/s 2 (957.9-0.5955)kg/nr 

58.9xl0~ 3 N/m 

f A 3 

4.217xl0 2 J/kgKxAT ec 

0.006 x 2257 x 10 3 J/kg x 1.76 

V J 

AT e . c =T s . c -T sat =9.1°C T s . c =109.1”C < 

COMMENTS: From the experimental data, part (a), the surface temperature is determined from the 
conduction analyses as T s = 110.0°C. Using the traditional nucleate boiling correlation with the 
experiential value for the heat flux, the surface temperature is estimated as T s c = 109.1°C. The two 
approaches provide excess temperatures that are 10.0 vs. 9.1°C, which amounts to nearly a 10% 
difference. 



PROBLEM 10.12 

KNOWN: Chips on a ceramic substrate operating at power levels corresponding to 50% of the critical 
heat flux. 


FIND: (a) Chip power level and temperature rise of the chip surface, and (b) Compute and plot the chip 
temperature T s as a function of heat flux for the range 0.25 < OsAlmax — 0.90 . 


SCHEMATIC: 



Substrate 



□ 

□ 

□ 

□ 


□ 

□ 

□ 

□ 



Chip, 25 mm 2 


□ 

□ 


Chip array 


ASSUMPTIONS: (1) Nucleate boiling, (2) Fluid-surface with C s> f = 0.004, n = 1.7 for Rohsenow 
correlation, (3) Backside of substrate insulated. 

PROPERTIES: Table A-5, Refrigerant R-113 (1 atm): T sat = 321 K = 48°C, p, = 1511 kg/m 3 , p v = 
7.38 kg/m 3 , h fg = 147 kJ/kg, a = 15.9 x 10' 3 N/m; R-113, sat. liquid (given, 321 K): c p?£ = 983.8 

J/kg-K, p i = 5.147 X 10 4 N-s/m 2 , Pr^ = 7.183. 


ANALYSIS: (a) The operating power level (flux) is 0.50q^ax • where the critical heat flux is 
estimated from Eq. 10.7 for nucleate pool boiling. 


9max -0.149hfgP v cg(p^ Pv)/Pv 


1/4 


3 J ^ ,o k § 


q'max =0.149xl47xl0' 5 — x 7.38-f- 


kg 


nr 


15.9xl0~ 3 — x9.8-^-(l511-7.38)-^-/ 

m s 2 m 3 


f 


7.38 


kg 


m 


1/4 


9max _ 233kw/m . 

2 2 

Hence, the heat flux on a chip is 0.5 x 233 kW/m“ =116 kW/m“ and the power level is 

Ochip = 9s X A S = H6xl0 3 w/m 2 x25mm 2 |l0 -3 m/mmj =2.9W. < 


To determine the chip surface temperature for this condition, use the Rohsenow equation to find AT e = T s 
- T sat with q* = I 16 x 10 3 W/m 2 . The correlation, Eq. 10.5, solved for AT e is 


AT e = Cs ~ f ‘ lfg ^ 

C P ,( 

f 


n ( . Al/3 

9s 


p^hfg 


g(Pf-Pv) 


1/6 0.004xl47xl0 3 j/kg(7.18) L7 


983.8J/kg ■ K 


-x 


\l/3 


116xl0 3 W/ m 2 ■ 


5.147xl0 _4 ^xl47xl0 3 J 


m 


kg 


15.9xl0~ 3 N/m 

9.8^(1511-7.38)^1 

s 2 m 3 


1/6 


= 19.9°C. 


Hence, the chip surface temperature is 


Continued... 





PROBLEM 10.12 (Cont.) 


T s = T sat + AT e = 48°C + 19.9°C ~ 68°C. < 

(b) Using the IHT Correlations Tools, Boiling, Nucleate Pool Boiling — Heat flux and Maximum heat 
flux, the chip surface temperature, T s , was calculated as a function of the ratio <u/ c lrnax . The required 

thermophysical properties as provided in the problem statement were entered directly into the IHT 
workspace. The results are plotted below. 



COMMENTS: (1) Refrigerant R-l 13 is attractive for electronic cooling since its boiling point is 
slightly above room temperature. The reliability of electronic devices is highly dependent upon 
operating temperature. 

(2) A copy of the IHT Workspace model used to generate the above plot is shown below. 


It Correlations Tool - Boiling, Nucleate pool boiling, Critical heat flux 

q"max = qmax_dprime_NPB(rhol,rhov,hfg,sigma,g) // Eq 10.7 
g = 9.8 // Gravitational constant, m/s A 2 

/* Correlation description: Critical (maximum) heat flux for nucleate pool boiling (NPB). Eq 10.7, Table 
10.1 . See boiling curve, Fig 10.4 . 7 

// Correlations Tool - Boiling, Nucleate pool boiling, Heat flux 

qs" = qs_dprime_NPB(Csf,n,rhol,rhov,hfg,cpl,mul,Prl,sigma,deltaTe,g) // Eq 10.5 

//g = 9.8 // Gravitational constant, m/s A 2 

deltaTe = Ts - Tsat // Excess temperature, K 

Ts = Ts_C + 273 // Surface temperature, K 

Ts_C = 68 // Surface temperature, C 

//Tsat = // Saturation temperature, K 

r Evaluate liquid(l) and vapor(v) properties at Tsat. From Table 10.1. 7 

// Fluid-surface combination: 

Csf = 0.004 // Given 

n = 1.7 // Given 

/* Correlation description: Heat flux for nucleate pool boiling (NPB), water-surface combination (Cf,n), Eq 
10.5, Table 10.1 . See boiling curve, Fig 10.4.7 

// Heat rates: 


qsqm = qs" / q"max 
qsqm = 0.5 

//Thermophysical Properties (Given): 


// Ratio, heat flux over critical heat flux 


Tsat = 321 
Tsat_C = Tsat - 273 
rhol = 1511 
rhov = 7.38 
hfg = 147000 
sigma = 15.9e-3 
cpI = 983.3 
mul =5.147e-4 
Prl = 7.183 


K 
, C 


// Saturation temperature, 

// Saturation temperature, 

// Density, liquid, kg/m A 3 

// Density, vapor, kg/m A 3 

// Heat of vaporization, J/kg 

// Surface tension/ N/m 

// Specific heat, saturated liquid, J/kg.K 

// Viscosity, saturated liquid, N.s/m A 2 

// Prandtl number, saturated liquid 




PROBLEM 10.13 


KNOWN: Saturated ethylene glycol at 1 atm heated by a chromium-plated heater of 200 mm 
diameter and maintained at 480K. 

FIND: Heater power, rate of evaporation, and ratio of required power to maximum power for critical 
heat flux. 


SCHEMATIC: 



7777777; 


Chromium plated heater } 
7^ = 480/C, D=2,00mm 


ASSUMPTIONS: (1) Nucleate pool boiling, (2) Fluid-surface, C s y = 0.010 and n = 1. 

PROPERTIES: Table A-5, Saturated ethylene glycol (latm): T sat = 470K, hf g = 812 kJ/kg, Pf = 

1111 kg/m 3 , o = 32.7 x 10 3 N/m; Saturated ethylene glycol (given, 470K): p v = 1.66kg/m 3 , p/ = 0.38 
x 10' 3 N-s/m 2 , c p £ = 3280 J/kg-K, Pr; = 8.7, kf =0.15 W/m-K. 


ANALYSIS: The power requirement for boiling and the evaporation rate are q^oii = q^ • A s and 
m = qboil /hfg. Using the Rohsenow correlation, 


q s Pf hfg 


'g(pf-Pv)’ 

1/2 

( \3 

c p ,1 

0 


v C s ,fh fg Pr^ 


q" =0.38x10 3 —-x812xl0 3 — 
2 kg 


m 


9.8m/s 2 (ll 11-1.66) kg/ 


“il/2 


m 


32.7x10 3 N/m 


A 3 


3280J/kg • K(480-470) K 

o T 1 

0.01x812x10 —(8.7) 
kg 


qs =1.78xl0 4 W/m 2 q boil =1.78xl0 4 W/m 2 xti /4(0.200m) =559 W 

m =559W/8 12xl0 3 J/kg = 6.89xl0 _4 kg/s. 

For this fluid, the critical heat flux is estimated from Eq. 10.7, 

2 nl/4 


9max 0.149 hfg p v 


ag(pf-p v )/p( 


9max =0.149x812 xlO 3 —xl.66-^- 


kg 


m 


nl/4 


32.7x10 3 N/mx 9.8m/s 2 (1111-1.66)kg/m 3 


1.66kg/mr 


9max =6.77XlO 5 W/m 2 . 

Hence, the ratio of the operating heat flux to the critical heat flux is, 


4' _ 1.78xl0 4 W/m 2 


9max 6.77xlO 5 W/m 2 


* 0.026 or 


2 . 6 %. 


COMMENTS: Recognize that the results are crude approximations since the values for C s f and n 
are just estimates. This fluid is not normally used for boiling processes since it decomposes at higher 
temperatures. 



PROBLEM 10.14 

KNOWN: Copper tubes, 25 mm diameter x 0.75 m long, used to boil saturated water at 1 atm operating 
at 75% of the critical heat flux. 

FIND: (a) Number of tubes, N, required to evaporate at a rate of 750 kg/h; tube surface temperature, T s , 
for these conditions, and (b) Compute and plot T s and N required to provide the prescribed vapor 
production as a function of the heat flux ratio, 0.25 < Os/ c lmax — 0.90. 

Copper tube, D = 25 mm, T s 

Conditions: 

heat flux 75% of q" max , 
evaporation rate 750 kg/h 

\< -L = 0.75 m->| 

ASSUMPTIONS: (1) Nucleate pool boiling, (2) Polished copper tube surfaces. 

PROPERTIES: Table A-6, Saturated water (100°C): pp =957.9 kg/m 3 , c p j =4217J/kg K, p f = 

279 x 10 6 N-s/m 2 , Pr^ = 1.76, h fg = 2257 kJ/kg, a = 58.9 x 10 3 N/m, p v = 0.5955 kg/m 3 . 

ANALYSIS: (a) The total number of tubes, N, can be evaluated from the rate equations 

q = NttDL q = mhfg N = rhhfg jcQ ttDL . (1,2,3) 

The tubes are operated at 75% of the critical flux (1.26 MW/m 2 , see Example 10.1). Hence, the heat flux 
is 

q's =0.75q^ nax =0.75x1.26 M w/m 2 = 9.45xlO 5 w/m 2 . 


SCHEMATIC: 



1 { 


Substituting numerical values into Eq. (3), find 

N = 750kg/h (lh/3600s)x2257xlO 3 J j kg (9.45x 10 5 w/ m 2 xn x0.025mx0.75 m) = 8.5 « 9. < 

To determine the tube surface temperature, use the Rohsenow correlation, 


AT P 


C s,f hfg Pr , 


n ( 


W 


q s 


\l/3 


v 


P()hf„ 


J 


g {Pe-Pv) 


1/6 


From Table 10.1 for the polished copper-water combination, C Sj f = 0.013 and n = 1.0. 

6 


AT e = 


0.013x2257xl0 3 J/kg(l.76) 1 


4217 J/kg■K 


9.45xlO 5 W/m 2 


279x 10~ 6 N ■ s/m 2 x 2257 x 10 3 J/kg 


x 


58.9x10 3 N/m 


-il/6 


9.8m/s 2 (957.9 -0.5955)kg/m 3 


= 19.0 C. 


Hence, 


T s =T sat +AT e =(100 + 19)° C = 119° C. 


Continued... 



PROBLEM 10.14 (Cont.) 


(b) Using the IHT Correlations Tool, Boiling, Nucleate Pool Boiling, Heat flux and the Properties Tool 
for Water, combined with Eqs. (1.2,3) above, the surface temperature T s and N can be computed as a 
function of <u/ c hnax . The results are plotted below. 




Ratio q"s/q"max 


- Tube surface temperature, Ts (C) 

—©— Number of tubes, N*10 


Note that the tube surface temperature increases only slightly (113 to 120°C) as the ratio TsAlmax 
increases. The number of tubes required to provide the prescribed evaporation rate decreases markedly 
as qs/qmax increases. 


COMMENTS: (1) The critical heat flux, q^ax =1.26 MW/m 2 , for saturated water at 1 atm is 

calculated in Example 10.1 using the Zuber-Kutateladze relation, Eq. 10.7. The IHT Correlation Tool, 
Boiling, Nucleate pool boiling, Maximum heat flux, with the Properties Tool for Water could also be 
used to determine q^ax ■ 




PROBLEM 10.15 


KNOWN: Diameter and length of tube submerged in pressurized water. Flowrate and inlet 
temperature of gas flow through the tube. 


FIND: Tube wall and gas outlet temperatures. 
SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state, (2) Uniform tube wall temperature, (3) Nucleate boiling at outer 
surface of tube, (4) Fully developed flow in tube, (5) Negligible flow work and potential and kinetic 
energy changes for tube flow, (7) Constant properties. 

PROPERTIES: Table A-6, saturated water (p sat = 4.37 bars): T sat = 420 K, h fg = 2.123 x 10 6 J/kg, 
Pf = 919kg/m 3 , p v = 2.4 kg/m 3 , p e = 185xl0“ 6 N• s/m 2 , c p ^ = 4302J/kg• K, Pr^=2.123x 

10 6 J / kg • K, a= 0.0494 N/m. Table A -4, air (p = latm,T m = 700K): c p = 1075 J/kg-K, p = 339 X 10 
7 N s/m 2 , k = 0.0524 W/m-K, Pr = 0.695. 


ANALYSIS: From an energy balance performed for a control surface that bounds the tube, we know 
that the rate of heat transfer by convection from the gas to the inner surface must equal the rate of heat 
transfer due to boiling at the outer surface. Hence, from Eqs. (8.44), (8.45) and (10.5), the energy 
balance for a single tube is of the form 

A 


hA c 


> 

o H 

1 

> 

— AsAi/hfg 

g (Pt-Pv) 

1/2 

f \ 

c p,^Te 

Lln(AT 0 /ATi)J 

c 


v C s,f h fg Pr ” f 


( 1 ) 


where U = h and C s f = 0.013 and n = 1.0 from Table 10.1. The corresponding unknowns are the wall 
temperature T s and gas outlet temperature, T m o , which are also related through Eq. (8.43). 


T, - T, 


m,o 


T< - T, 


: exp 


m,i 


ttDL r 

-h 

iilCn 


( 2 ) 


For Re D = 4m //rD/r = 119,600, the flow is turbulent, and with n = 0.3, Eq. (8.60) yields, 


h = h fd = 




D 


4/5 03 

0.023 Rep Pr = 


0.0524 W/m-K 
0.025m 


0.023(119,600) 4/5 (0.695) U J =502W/m / -K 


,0.3 


T m ,o=166.7°C 


Solving Eqs. (1) and (2), we obtain 
T s = 152.6°C, 

COMMENTS: (1) The heat rate per tube is q = mc p (T m> j - T mo ) = 45,930 W, and the total heat 

rate is Nq = 229,600 W, in which case the rate of steam production is m steam = q / hf g = 0.108 kg / s. 

(2) It would not be possible to maintain isothermal tube walls without a large wall thickness, and T s , 
as well as the intensity of boiling, would decrease with increasing distance from the tube entrance. 
However the foregoing analysis suffices as a first approximation. 











PROBLEM 10.16 


KNOWN: Nickel wire passing current while submerged in water at atmospheric pressure. 
FIND: Current at which wire bums out. 

SCHEMATIC: 



Nickel 


wire 

, R e '= 0.1Z9CI/™ 


ASSUMPTIONS: (1) Steady-state conditions, (2) Pool boiling. 

ANALYSIS: The burnout condition 
will occur when electrical power 
dissipation creates a surface heat flux 
exceeding the critical heat flux, q” )ax . 

This bum out condition is illustrated on 
the boiling curve to the right and in 
Figure 10.6. 

The criterion for burnout can be 
Expressed as 

Omax= q e ] ec 9 elec = I ^e- (1*2) 



That is, 

I = h max 71 D /R e ] 

For pool boiling of water at 1 atm, we found in Example 10.1 that 
Omax =l-26MW/m 2 . 


Substituting numerical values into Eq. (3), find 

1 = 1 1.26xl0 6 W/m 2 (7tx0.001m)/0.129f2/m 


1/2 


:175A. 


(3) 


< 


COMMENTS: The magnitude of the current required to bum out the 1 mm diameter wire is very 
large. What current would bum out the wire in air? 






PROBLEM 10.17 

KNOWN: Saturated water boiling on a brass plate maintained at 115°C. 

2 

FIND: Power required (W/m ) for pressures of 1 and 10 atm; fraction of critical heat flux at which plate is operating. 

SCHEMATIC: 

a7^ =2S"°C, 

-6 a' ass pi a ~t~e 

ASSUMPTIONS: (1) Nucleate pool boiling, (2) AT e = 15°C for both pressure levels. 

3 

PROPERTIES: Table A-6, Saturated water, liquid (1 atm, T sat = 100°C): p (■ =957.9 kg/m, Cp / = 4217J/kg-K, \lp 
6 2 3 

=279x 10 Ns/rn , Pr= 1.76, hf„ = 2257 kJ/kg, o = 58.9 x 10 N/m; Table A-6, Saturated water, vapor (1 atm): p v = 

3 5 3 

0.596 kg/m ; Table A-6, Saturated water, liquid (10 atm = 10.133 bar, T sat = 453.4 K = 180.4°C): P£ = 886.7 kg/rn , 

6 2 3 

Cpj = 4410 J/kg-K, \i£ = 149 x 10" N-s/nT, Pr; = 0.98, h fg = 2012 kJ/kg, a = 42.2 x 10^ N/m; Table A-6, Water, 

3 

vapor (10.133 bar): p v = 5.155 kg/rn . 






PROBLEM 10.18 


KNOWN: Zuber-Kutateladze correlation for critical heat flux, q^, ax . 

FIND: Pressure dependence of q^ ax for water; demonstrate maximum value occurs at 
approximately 1/3 p cr ; t ; suggest coordinates for a universal curve to represent other fluids. 
ASSUMPTIONS: Nucleate pool boiling conditions. 

PROPERTIES: Table A-6, Water, saturated at various pressures; see below. 


ANALYSIS: The Z-K correlation for estimating the critical heat flux, has the form 

r / ii 1/4 

" _ n 1/iQ « u § a (Pf-Pv) 

Qmax — 0-149 p v hfg 2 

Pv 


where the properties for saturation conditions are a function of pressure. The properties (Table A-6) 
and the values for q aiax arc as follows: 


P P/Pc 

(bar) 

(MW/m 2 ) 

Pi Pv 

(kg/m 3 ) 

h 

(kJ/kg) 

oxl() 3 

(N/m) 

// 

9max 

1.01 

0.0045 

957.9 

0.5955 

2257 

58.9 

1.258 

11.71 

0.053 

879.5 

5.988 

1989 

40.7 

3.138 

26.40 

0.120 

831.3 

13.05 

1825 

31.6 

3.935 

44.58 

0.202 

788.1 

22.47 

1679 

24.5 

4.398 

61.19 

0.277 

755.9 

31.55 

1564 

19.7 

4.549 

82.16 

0.372 

718.4 

43.86 

1429 

15.0 

4.520 

123.5 

0.557 

648.9 

72.99 

1176 

8.4 

4.047 

169.1 

0.765 

562.4 

117.6 

858 

3.5 

2.905 

221.2 

1.000 

315.5 

315.5 

0 

0 

0 


The q a)ax values are plotted as a function of p/p c , where p c is the critical pressure. Note the rapid 
decrease of hfg and o with increasing pressure. The universal curve coordinates would be 
9max ^9 max (!/3 p cr it) vs. p/p.. 



p/Pc 



PROBLEM 10.19 


KNOWN: Kutateladze’s dimensional analysis and the bubble diameter parameter. 

FIND: (a) Verify the dimensional consistency of the critical heat flux expression, and (b) Estimate 
heater size with water at 1 atm required such that the Bond number will exceed 3, i.e., Bo > 3. 

ASSUMPTIONS: Nucleate pool boiling. 

ANALYSIS: (a) Kutateladze postulated that the critical flux was dependent upon four parameters, 
9max = 9max (hfg > P v > ° > D b j 


where D h is the bubble diameter parameter having the form 

D b =[o/g(pf-p v )] 1/2 - 

The form of the critical heat flux expression was presumed to be 

• _ r u _ 1/2 n — 1/2 1/2 

c lmax _ Chfg p v o 


(1) 


( 2 ) 


where C is a constant. It is not possible to derive this equation from a dimensional (Pi) analysis. We 
can only determine that the equation is dimensionally consistent. Using SI units, check Eq. (1) for D b , 

Z „ X nl/2 


D b => 


(Nm-^m-VJfkg-'m 3 ) 


nl/2 


=> 


N 


kg-m" 


m 


=>H 


and in Eq. (2) for q aiax , 


9max > 


Jkg" 1 (kg 1/2 m- 3/2 )(m- 1/2 UN 1/2 m- 1/2 


=> 


N • s 
kgm 


\l/2 


m 


-2 


=> 


W 


m 


Hence, the equations are dimensionally consistent. 


(b) The Bond number, Bo, is defined as the ratio of the characteristic length L (width or diameter) of 
the heater surface to the bubble diameter parameter, D h . That is, Bo = L/Dg. The number squared is 
also indicative of the ratio of the buoyant to capillary forces. For water at 1 atm (see Example 10.1 for 
properties listing), Eq. (1) yields 


Db 


58.9X10 -3 — /9.8-^(957.9 -0.5955 A 
m s 2 m 3 


1/2 


■ 0.0025m = 2.5mm. 


Eq. 10.7 for the critical heat flux is appropriate for an “infinite” heater (Bo > 3). To meet this 
requirement, the heater dimension must be 


L >Bo D b =3x2.5mm =7.5mm. < 

COMMENTS: As the heater size decreases (Bo decreasing), the boiling curve no longer exhibits the 
characteristic q aiax and q” im features. The very small heater, such as a wire, is enveloped with 

vapor at small AT e and film boiling occurs. 



PROBLEM 10.20 


KNOWN: Lienhard-Dhir critical heat flux correlation for small horizontal cylinders. 

FIND: Critical heat flux for 1 mm and 3 mm diameter horizontal cylinders in water at 1 atm. 




diamefer cylinder 


ASSUMPTIONS: Nucleate pool boiling. 

PROPERTIES: Table A-6, Water (1 atm): =957.9 kg/m 3 , p v = 0.5955 kg/m 3 , o = 58.9 x 10 3 

N/m. 

ANALYSIS: The Lienhard-Dhir correlation for small horizontal cylinders is 


// rr 

C 1 max = c lmax,Z 


0.94 (Bo) 1/4 


0.15 < Bo <1.2 


( 1 ) 


where t bnax z is the critical heat flux predicted by the Zuber-Kutateladze correlation for the i nf inite 

heater (Eq. 10.6) and the Bond number is 

r 1/2 

Bo=— = r/[<J/g(p£-p v )] . (2) 

D b 

Note the characteristic length is the cylinder radius. From Example 10.1, using Eq. 10.6, 

q'max.Z=lllMW/m 2 

and substituting property values for water at 1 atm into Eq. (2), 


D b = 


58.9X10 -3 — /9.8-^(957.9 -0.5955 A 

m s 2 m 3 


1/2 


2.51mm. 


Substituting appropriate values into Eqs. (1) and (2), 

1 mm dia cylinder Bo = 0.5 mm/2.51 mm = 0.20 


flmax =1-1 lMW/trC 

3 mm dia cylinder 

flmax =1-1 lMW/trC 


0.94(0.20)' 


-1/4 


= 1.56MW/m . 


Bo = 1.5 mm/2.51 mm = 0.60 


0.94(0.60) 


-1/4 


ri.19 MW/m z . 


< 


< 


Note that for the 3 mm diameter cylinder, the critical heat flux is 1.19/1.11 = 1.07 times larger than the 
value for a very large horizontal cylinder. 

COMMENTS: For practical purposes a horizontal cylinder of diameter greater than 3 mm can be 
considered as a very large one. The critical heat flux for a 1 mm diameter cylinder is 40% larger than 
that for the large cylinder. 



PROBLEM 10.21 


KNOWN: Boiling water at 1 atm pressure on moon where the gravitational field is 1/6 that of the 
earth. 

FIND: Critical heat flux. 

ASSUMPTIONS: Nucleate pool boiling conditions. 

PROPERTIES: Table A-6, Water (1 atm): T sat = 100°C, p £ = 957.9 kg/m 3 , p v = 0.5955 kg/m 3 , h fg 
= 2257 kJ/kg, o = 58.9 x 10' 3 N/m. 

ANALYSIS: The modified Zuber-Kutateladze correlation for the critical heat flux is Eq. 10.7. 

flmax = 0.149 p v hfg[o g( p£ — p v )] 

The relation predicts the critical flux dependency on the gravitational acceleration as 

* 1/4 

flmax ~ g • 

2 

It follows that if g moon = (1/6) g ea rth and recognizing q” iax e =1.26 MW/m for earth acceleration 
(see Example 10.1), 

H // / , \ 1 / 4 

C 1 max,moon =c lmax,earth (8moon ' gearth j 


// 

9 max,moon 


1.26 


MW 


m 


m 1/4 


:0.81MW/nU 


< 


COMMENTS: Note from the discussion in Section 10.4.5 that the gl/4 dependence on the critical 
heat flux has been experimentally confirmed. In the nucleate pool boiling regime, the heat flux is nearly 
independent of the gravitational field. 



PROBLEM 10.22 

KNOWN: Concentric stainless steel tubes packed with dense boron nitride powder. Inner tube has 

0 3 

heat generation while outer tube surface is exposed to boiling heat flux, q s = C (T s Tsat) • 
Saturation temperature of boiling liquid and temperature of the outer tube surface. 

FIND: Expressions for the maximum temperature in the stainless steel (ss) tubes and in the boron 
nitride (bn). 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional (cylindrical) steady-state heat 
transfer in tubes and boron nitride. 

ANALYSIS: Construct the thermal circuit shown above where R 93 and R 34 represent the 

resistances due to the boron nitride between r 2 and r 3 and to the outer stainless steel tube, respectively. 

From an overall energy balance, 

/ / 

Qgen = 0 boil ’ 

( r 2 _r i j = (2ft r 4)C(T s — T sat ) . 


With prescribed values for T sat , T s and C, the required volumetric heating of the inner stainless steel 
tube is 


q = 


2r4 


( r 2-1 2 ) 


C(T S -T sat ) ; 


Using the thermal circuit, we can write expressions for the maximum temperature of the stainless steel 
(ss) and boron nitride (bn). 


Stainless steel: T ss max occurs at rj. Using the results of Section 3.4.2, the temperature distribution in 
a radial tube of inner and outer radii rj and r 2 is 


T(r) = --3-r 2 +C 1 lnr + C 2 


2 k 


ss 


for which the boundary conditions are 

1 rp 

BC#1: r =ri — = 0 

1 dr 


0 =- 


-3— 2ri + ^-+0^Ci = + 

2 k ss q 



Continued 




PROBLEM 10.22 (Cont.) 


BC#2: r =r 2 T(r 2 )=T 2 


Hence, 


t 2 = 


2 k 


^ r?+ 7 - L lnr 2 +C 2 


ss 


^ss 


c 2 = t 2 + 


2 k 


q 2 

r 2 ' 


q r i 


huz 


ss 


L ss 


T ( r ) = - ( f2 -r|) + (r/12)+ T 2 . 

ZK SS K ss 

Using the thennal circuit, find T 2 in terms of known parameters T s , T sat and C. 

T 2 ~^; = (2nr 4 )C(T s -T sat ) 3 . 

R 2 3 + R34 

Hence, the maximum temperature in the inner stainless steel tube (r = rj) is 

• 2 

Tss,max =T(q) = ( r i _r 2 ) + ^~“R l ( r l ^ r 2 ) + Ts 


+ (R 2 3 + R3 4 )(27tr 4 )C(T s -T sat ) 3 


where from Eq. 3.27 


R 2 3 = 


2^r kp, n 


R34 = 


In (r 4 / r 3 ) 

27t k ss 


Boron nitride: Tb n max occurs at rj. Hence 
Tbn,max = ^ ( r l) 


< 


< 


as derived above for the inner stainless steel tube. 



PROBLEM 10.23 

KNOWN: Thickness and thermal conductivity of a silicon chip. Properties of saturated fluorocarbon 
liquid. 


FIND: (a) Temperature at bottom surface of chip for a prescribed heat flux and 90% of CHF, (b) Effect 
of heat flux on chip surface temperatures; maximum allowable heat flux. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform heat flux and adiabatic sides, hence one¬ 
dimensional conduction in chip, (3) Constant properties, (4) Nucleate boiling in liquid. 


PROPERTIES: Saturated fluorocarbon (given): c p y = 1100 J/kg-K, h fg = 84,400 J/kg, p f =1619.2 
kg/m 3 , p v = 13.4 kg/m 3 , o = 8.1 x 10 3 kg/s 2 , Hi = 440 x 10 6 kg/m-s, Piy = 9.01. 

ANALYSIS: (a) Energy balances at the top and bottom surfaces yield qo = qcond = k s (T 0 — T s )/L = 
; where T s and q^ are related by the Rohsenow correlation, 


T sat 


C s,f h fg Pr ” 


/ A/3 

' q ^ 


M(hf„ 


g(Pf-Pv) 


1/6 


Hence, for q' = 5 x 10 4 W/m 2 , 


Ts T sat 


0.005 (84,400 J/kg)9.01 1 


1100 J/kg-K 


5xl0 4 W/m 2 


A/3 


440 x 10“ 6 kg/m ■ s x 84,400 J/kg 


x 


8.1xl0~ 3 kg/s 2 


9.807m/s 2 (1619.2-13.4)kg/m" 


1/6 


= 15.9°C 


T s = (15.9 + 57)° C = 72.9°C. 

From the rate equation, 

T o= T s+ ^ = 72.9°C + 5Xl ° 4w / m2xft0025m =73.8°C 
° s k s 135 W/m K 

For a heat flux which is 90% of the critical heat flux (Ci = 0.9), it follows that 

A/4 


9o =°- 9 qmax = 0.9x0.149h fg p, 


^(Pf-Pv) 


Pv 


= 0.9x0.149x84,400 J/kg xl 3.4 kg/V 


Continued... 






PROBLEM 10.23 (Cont.) 


x 


8.1 x 10 -3 kg/s 2 x9.807 m/s 2 (1619.2 -13.4) kg/nr 


(l3.4kg/m 3 )" 


1/4 


q" = 0.9xl5.5xl0 4 w/m 2 = 13.9xl0 4 w/m 2 

From the results of the previous calculation and the Rohsenow correlation, it follows that 

/ 1/3 

AT e =15.9°c(q;/5xl0 4 w/m 2 ) = 15.9°C(13.9/5) 1/3 = 22.4°C 

Hence, T s = 79.4°C and 


T 0 = 79.4 C + 


13.9xl0 4 w/ m 2 x0.0025m 
135 W/m K 


:82°C 


(b) Using the energy balance equations with the Correlations Toolpad of IHT to perform the parametric 
calculations for 0.2 < Ci < 0.9, the following results are obtained. 



Chip heat flux, qo"(W/m A 2) 


The chip surface temperatures, as well as the difference between temperatures, increase with increasing 
heat flux. The maximum chip temperature is associated with the bottom surface, and T 0 = 80°C 
corresponds to 

q;.max=H.3xl0 4 w/m 2 < 

which is 73% of CHF (q' mx = 15.5 x 10 4 W/m 2 ). 

COMMENTS: Many of today’s VLSI chip designs involve heat fluxes well in excess of 15 W/cm 2 , in 
which case pool boiling in a fluorocarbon would not be an appropriate means of heat dissipation. 




PROBLEM 10.24 


KNOWN: Operating conditions of apparatus used to determine surface boiling characteristics. 


FIND: (a) Nucleate boiling coefficient for special coating, (b) Surface temperature as a function of heat 
flux; apparatus temperatures for a prescribed heat flux; applicability of nucleate boiling correlation for a 
specified heat flux. 



ASSUMPTIONS: (1) One-dimensional, steady-state conduction in the bar, (2) Water is saturated at 1 
atm, (3) Applicability of Rohsenow correlation with n = 1. 


PROPERTIES: Table A.6, saturated water (100°C): p f =957.9 kg/m 3 , c p j =4217J/kg K, jl f = 
279 x 10 6 N-s/m 2 , Pr^ = 1.76, h fg = 2.257 x 10 6 J/kg, a = 0.0589 N/m, p v = 0.5955 kg/m 3 . 


ANALYSIS: (a) The coefficient C s ,f associated with Eq. 10.5 may be determined if and T s are 
known. Applying Fourier’s law between Xi and x 2 , 


„ „ T ? -Ti , (158.6-133.7)°C < / 2 

ql =qcond = k ^- L = 400W/m Kx- V --= 6.64xl0 :3 W/m 2 


x 2 — X 1 


0.015m 


Since the temperature distribution in the bar is linear, T s = Ti - (dT/dx)xi = Ti - [(T 2 - Ti)/(x 2 - xi)]xi. 
Hence, 


T s = 133.7 C - 


24.9° C/0.015 m 


From Eq. 10.5, with n = 1, 
c p,£^e ^ 


C 


s,f 


C s,f - 


P/hfg 

h fg Pr f [ 9s 
4217 j/kg • K ^17.1° cj 


0.01m = 117.1°C 


-il/6 


4/3 

g(P/-Pv) 

> 

c 


2.257 xlO 6 j/kg (l.76) 


7-6 6 \t/3 

279x10 ° kg/s • mx2.257x10° j/kg 

6.64X10 5 w/m 2 


9.8 m/s 2 x 957.3 kg/m 3 
0.0589 kg/s 2 


1/6 


C s f = 0.0131 


(b) Using the appropriate IHT Correlations and Properties Toolpads, the following portion of the 
nucleate boiling regime was computed. 


Continued... 



PROBLEM 10.24 (Cont.) 



Excess temperature, DeltaTe(C) 


For q' = 10 6 W/m 2 = q'ond . T s = 119.6°C and 

Ti = 144.6°C and T 2 =182.1°C < 

With the critical heat flux given by Eq. 10.7, 

q'max=0-149h fgPv gg(Pf ~ P,) 

Pv 

r i 1/4 

q' max =0.149(2.257xl0 6 J/kg)0.5955kg/m 3 0.0589kg/s 2 x9Ws 2 x957.3kg/m 3 

(o.5955kg/m 3 )* 

9max = 1-25x10^ w/ m 2 


Since q£ = 1.5 x 10 6 W/m’ > q^ax , the heat flux exceeds that associated with nucleate boiling and the 
foregoing results can not be used. 

COMMENTS: For q$ > q^ax > conditions correspond to film boiling, for which T s may exceed 
acceptable operating conditions. 




PROBLEM 10.25 


KNOWN: Small copper sphere, initially at a uniform temperature, T ; , greater than that corresponding to 
the Leidenfrost point, T D , suddenly immersed in a large fluid bath maintained at T sat . 

FIND: (a) Sketch the temperature-time history, T(t), during the quenching process; indicate temperature 
corresponding to T;, T D , and T sat , identify regimes of film, transition and nucleate boiling and the single¬ 
phase convection regime; identify key features; and (b) Identify times(s) in this quenching process when 
you expect the surface temperature of the sphere to deviate most from its center temperature. 

SCHEMATIC: 




ANALYSIS: (a) In the right-hand schematic above, the quench process is shown on the "boiling curve” 
similar to Figure 10.4. Beginning at an initial temperature, T; > T D , the process proceeds as indicated by 
the arrows: film regime from i to D, transition regime from D to C, nucleate regime from C to A, and 
single-phase (free convection) from A to the condition when AT e = T s - T sat = 0. The quench process is 
shown on the temperature-time plot below and the boiling regimes and key temperatures are labeled.. 



The highest temperature-time change should occur in the nucleate pool boiling regime, especially near 
the critical flux condition, T c . The lowest temperature-time change will occur in the single-phase, free 
convection regime. 

(b) The difference between the center and surface temperature will occur when Bi = hr D /3k >0.1. This 
could occur in regimes with the highest convection coefficients. For example, h = 10,000 W/m 2 K 
which might be the case for water in the nucleate boiling regime, C-A, Bi ~ 10,000 W/m 2 
(0.010m)/3x400 W/m-K = 0.08. For a sphere of larger dimension, in the nucleate and film pool boiling 
regimes, we could expect temperature differences between the center and surface temperatures since Bi 
might be greater than 0.1. 










PROBLEM 10.26 


KNOWN: A sphere (aluminum alloy 2024) with a uniform temperature of 500°C and emissivity of 
0.25 is suddenly immersed in a saturated water bath maintained at atmospheric pressure. 

FIND: (a) The total heat transfer coefficient for the initial condition; fraction of the total coefficient 
contributed by radiation; and (b) Estimate the temperature of the sphere 30 s after it has been 
immersed in the bath. 


SCHEMATIC: 


- Saturated water 
T sat = 100°C 


Sphere, Al 2024 alloy, T(t) 


D = 20 mm 
E = 0.25 


- 


Tj = T s (0) = 500°C 

ASSUMPTIONS: (1) Water exposed to standard atmospheric pressure and uniform temperature, 
T sat , and (2) Lumped capacitance method is valid. 

PROPERTIES: See Comment 2; properties obtained with IHT code. 


ANALYSIS: (a) For the initial condition with T s = 500°C, film boiling will occur and the 
coefficients due to convection and radiation are estimated using Eqs. 10.9 and 10.11, respectively, 

ni /4 


Nu 


hconvD 


D 


C 


g(Pl-Pv) h fg D ~ 

Pv^v (^s ~T sat ) 


£0 


hrad 


(T s 4 -T s 4 at ) 


2 t ,4 


x s x sat 

-8 ^ ^ 

where C = 0.67 for spheres and a = 5.67 x 10 W/nf-K . The corrected latent heat is 
hfg = hfg +0.8 Cp v (T s -T sat ) 

The total heat transfer coefficient is given by Eq. 10.10a as 


u4/3 _jr4/3 ,r ttI/ 3 
P _ ^conv + %ad ' ^ 


( 1 ) 


( 2 ) 


(3) 


(4) 

(5) 


The vapor properties are evaluated at the film temperature, 

Tf =(T s +T sat )/2 

while the liquid properties are evaluated at the saturation temperature. Using the foregoing relations 
in IHT (see Comments), the following results are obtained. 


Nu 


D 


h C nv(w/m 2 K) h rad (w/m 2 K) h(w/m 2 K) 


226 867 12.0 876 < 

The radiation process contribution is 1.4% that of the total heat rate. 

(b) For the lumped-capacitance method, from Section 5.3, the energy balance is 

— , . dU 

—hA s (T s ~ T sat ) = p s Vc s — (6) 

dt 

where p s and c s are properties of the sphere. To determine T s (t), it is necessary to evaluate h as a 
function of T s . Using the foregoing relations in IHT (see Comments), the sphere temperature after 
30s is 

T s (30s) = 333°C. < 

Continued. 









PROBLEM 10.26 (Cont.) 

COMMENTS: (1) The Biot number associated with the aluminum alloy sphere cooling process for 
the initial condition is Bi = 0.09. Hence, the lumped-capacitance method is valid. 

(2) The IHT code to solve this application uses the film-boiling correlation function, the water 

S erties function, and the lumped capacitance energy balance, Eq. (6). The results for part (a), 
iding the properties required of the correlation, are shown at the outset of the code. 

/* Results, Part (a): Initial condition, Ts = 500C 

NuDbar hbar hcvbar hradbar F 

226 875.5 866.5 11.97 0.01367 */ 

/* Properties: Initial condition, Ts = 500 C, Tf = 573 K 

Pr cpv h'fg hfg kv nuv rhol rhov 

1.617 5889 3.291 E6 1.406E6 0.0767 4.33E-7 712.1 45.98 */ 

/* Results: with initial condition, Ts = 500 C; after 30 s 
Bi F Ts_C hbar t 

0.09414 0.01367 500 875.5 0 

0.04767 0.01587 333.2 443.3 30 

// LCM analysis, energy balance 

- hbar * As * (Ts - Tsat) = rhos * Vol * cps * der(Ts,t) 

As = pi * D A 2 / 4 
Vol = pi * D A 3 / 6 


/* Correlation description: coefficients for film pool boiling (FPB). Eqs. 10.9, 10.10 and 10.11 . 

See boiling curve, Fig 10.4 . */ 

NuDbar = NuD_bar_FPB(C,rhol,rhov,h'fg,nuv,kv,deltaTe,D,g) // Eq 10.9 

NuDbar = hcvbar * D / kv 

g = 9.8 // gravitational constant, m/s A 2 

deltaTe = Ts - Tsat // excess temperature, K 

// Ts_C = 500 // surface temperature, K 

Tsat = 373 // saturation temperature, K 

// The vapor properties are evaluated at the film temperature,Tf, 

Tf = Tfluid_avg(Ts,Tsat) 

// The correlation constant is 0.62 or 0.67 for cylinders or spheres, 

C = 0.67 

// The corrected latent heat is 
h'fg = hfg + 0.80*cpv*(Ts - Tsat) 

// The radiation coefficient is 

hradbar = eps * sigma * (Ts A 4 - Tsat A 4) / (Ts - Tsat) // Eq 10.11 

sigma = 5.67E-8 // Stefan-Boltzmann constant, W/m A 2-K A 4 

eps = 0.25 // surface emissivity 

// The total heat transfer coefficient is 

hbar A (4/3) = hcvbar A (4/3) + hradbar * hbar A (1/3) // Eq 10.10a 
F = hradbar / hbar // fraction contribution of radiation 

// Input variables 

D = 0.020 

rhos = 2702 // Sphere properties, aluminum alloy 2024 

cps = 875 
ks = 186 

Bi = hbar * D / ks // Biot number 


// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

x = 1 // Quality (0=sat liquid or 1=sat vapor) 

xx = 0 


rhov = rho_Tx("Water",Tf,x) 
rhol = rho_Tx("Water",Tf,xx) 
hfg = hfg_T(”Water",Tf) 
cpv = cp_Tx("Water",Tf,x) 
nuv = nu_Tx("Water",Tf,x) 
kv = k_Tx("Water",Tf,x) 

Pr= Pr_Tx("Water",Tf,x) 


// Density, kg/m A 3 

// Density, kg/m A 3 
// Fleat of vaporization, J/kg 
// Specific heat, J/kg-K 
// Kinematic viscosity, m A 2/s 
//Thermal conductivity, W/m-K 
// Prandtl number 


// Conversions 

Ts_C = Ts - 273 



PROBLEM 10.27 


KNOWN: Steel bar upon removal from a furnace immersed in water bath. 
FIND: Initial heat transfer rate from bar. 

SCHEMATIC: 



ASSUMPTIONS: (1) Uniform bar surface temperature, (2) Film pool boiling conditions. 

PROPERTIES: Table A-6, Water, liquid (1 atm, T sat = 100°C): p £ = 957.9 kg/m 3 , hf g = 2257 kJ/kg; 
Table A-6, Water, vapor (Tf = (T s + T sat )/2 = 550K): p v = 31.55 kg/m 3 , c p v = 4640 J/kg-K, p v = 18.6 
x 10' 6 N-s/m 2 , k v = 0.0583 W/rnK. 

ANALYSIS: The total heat transfer rate from the bar at the instant of time it is removed from the 
furnace and immersed in the water is 

q s = h A s (— T sa j) = h A s AT e (1) 

where AT e = 455 - 100 = 355K. According to the boiling curve of Figure 10.4, with such a high AT e , 
film pool boiling will occur. From Eq. 10.10, 

h = 'Fonv + h rad h or h = h conv + — h ra q (if h conv > h ra q). (2) 

To estimate the convection coefficient, use Eq. 10.9, 

3 7 1/4 

g(p/-Pv)hfgD 

v v k v AT e 

where C = 0.62 for the horizontal cylinder and hfg =hfg+0.8Cp V (T s -T sat ). Find 



0.0583W/m K 

-1 

0.020 m 


9.8m/s 2 (957.9-31.55)kg/m 3 2257 xlO 3 + 0.8x 4640x355 J/kg (o.020m) ; 
118.6 xlO 6 /31.55 j m 2 /s x0.0583W/m • Kx355K 


h conv = 690 W / m z ■ K. 

To estimate the radiation coefficient, use Eq. 10.11, 


.4 ~4 


— 8 / 2 V A 


£o T s -T sat 0.9x5.67x10 W/m ■ K 728 -373 K 


4W4 


h r ad=---- =--- 

T s -T sat 355K 

Substituting numerical values into the simpler form of Eq. (2), find 
h = (690 + (3/4)37.6) W/m 2 ■ K = 71 8W/m 2 ■ K. 


■= 37.6W/m z ■ K. 


Using Eq. (1), the heat rate, with A s = 7t D L, is 

q s =718 W/m 2 ■ K(tt x0.020mx0.200m) x 355K =3.20kW. < 

COMMENTS: For these conditions, the convection process dominates. 



PROBLEM 10.28 


KNOWN: Electrical conductor with prescribed surface temperature immersed in water. 

FIND: (a) Power dissipation per unit length, q$ and (b) Compute and plot q' s as a function of surface 

temperature 250 < T s < 650°C for conductor diameters of 1.5, 2.0, and 2.5 mm; separately plot the 
percentage contribution of radiation as a function of T s . 


SCHEMATIC: 


Water 



T s = 555 °C, s = 0.50, D = 2 mm 


Current 


ASSUMPTIONS: (1) Steady-state conditions, (2) Water saturated at 1 atm, (3) Film pool boiling. 

PROPERTIES: Table A-6, Water, liquid (1 atm, T sat = 100°C): p, = 957.9 kg/m 3 , h fg = 2257 kJ/kg; 
Table A-6, Water, vapor (T f = (T s + T sat ) / 2 = 600 K): p v - 72.99 kg/m 3 , c p , v = 8750 J/kg-K, p v = 22.7 
x 10 6 N-s/m 2 , k v = 0.0929 W/m-K. 

ANALYSIS: (a) The heat rate per unit length due to electrical power dissipation is 
q;=y = h^( T s -T sat ) = hjr D AT e 

where AT e = (555 - 100)°C = 455°C. According to the boiling curve of Figure 10.4, with such a high 
AT e , film pool boiling will occur. From Eq 10.10, 


tt 4/3 _ u4/3 ,7- t-1/3 

“ _ hconv + %ad ' h 


h - hconv + ^ ^rad (if h conv > ^rad ) • 


To estimate the convection coefficient, use Eq. 10.9, 


_ hconyD _ c g(Pf-Pv)hfgD-' 


y v k v AT e 


where C = 0.62 for the horizontal cylinder and h' lg = h fg + 0.8c p , v (T s - T sat ). Find 


0.0929 W/m-K 5M>11 

---xO.62 - 

0.002 m 

hconv = 2108 W/m^-K. 


9.8 m/s 2 (957.9-72.99) kg/m 3 2257 xlO 3 + 0.8x8750x455 j/kg (0.002m) 3 
(22.7 x 10 -6 /72.99) m 2 / 9 x 0.0929 w/m ■ K x 455 K 


To estimate the radiation coefficient, use Eq. 10.11. 

ecr(T s 4 -T s 4 at ) 0.5x5.67xl0~ 8 w/ m 2 ■ K 4 (828 4 -373 4 )k 4 


^s T sat 


455 K 


28W/m z -K. 


Since h conv > h rad , the simpler form of Eq. 10.10b is appropriate. Find, 
h = (2108 + (3/4)x28) w/m 2 ■ K = 2129 w/m 2 ■ K 


Continued... 



PROBLEM 10.28 (Cont.) 


The heat rate is 

q = 2129 w/ m 2 ■ Kxtt (0.002m)x455 K = 6.09kW/m. < 

(b) Using the IHT Correlations Tool, Boiling, Film Pool Boiling, combined with the Properties Tool for 
Water, the heat rate, q , was calculated as a function of the surface temperature, T s , for conductor 

diameters of 1.5, 2.0 and 2.5 mm. Also, plotted below is the ratio (%) of 9 rad l°t as a function of 
surface temperature. 




From the q' vs. T s plot, note that the heat rate increases markedly with increasing surface temperatures, 

and, as expected the heat rate increases with increasing diameter. The discontinuity near T s = 650°C is 
caused by the significant changes in the thermophysical properties as the film temperature, Tf, 
approaches the critical temperature, 647.3 K. From the q m &lq vs. T s plot, the maximum contribution 
by radiation is 2% and surprisingly doesn’t occur at the maximum surface temperature. By examining a 
plot of cp ac [ vs. T s , we’d see that indeed q,- ac | increases markedly with increasing T s ; but qconv 
increases even more markedly so the relative contribution of the radiation mode actually decreases with 
increasing temperature for T s > 350°C. 





PROBLEM 10.29 


KNOWN: Horizontal, stainless steel bar submerged in water at 25°C. 
FIND: Heat rate per unit length of the bar. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Film pool boiling, (3) Water at 1 atm. 
PROPERTIES: Table A-6, Water, liquid (1 atm, Tsat = 100°C): pg = 957.9 kg/m3, hfg = 2257 
kJ/kg; Table A-6, Water, vapor, (Tf = (T s + T sat )/2 ~ 450K): p v = 4.81 kg/m 3 , c p v = 2560 J/kg-K, p v 
= 14.85 x 10' 6 N-s/m 2 , k v = 0.0331 W/m-K. 

ANALYSIS: The heat rate per unit length is 

q§ =q s /£ =q*7tD = h;tD (T s -T sat ) =h;rD AT e 


where AT e = (250-100)°C = 150°C. Note from the boiling curve of Figure 10.4, that film boiling will 
occur. From Eq. 10.10, 


t-4/3 _t4/3 ,tt rl/3 
h _ Hconv + 'Fad ' 1 


— — 3 — — — 

or h = h conv + — h ra q (if h conv > h ra( j). 


To estimate the convection coefficient, use Eq. 10.9, 


N = heonvD = c 

D k v 


g(pf-Pv)hf g D 3 

V v k v AT e 


-.1/4 


where C = 0.62 for the horizontal cylinder and hf CT =h fg +0.8Cp v (T s - T sat ). Find 


0.033 1 W/m • K 

n 

9.8m/s 2 (957.9 

-4.8l)kg/m 3 

2257x10 3 + 0.8x 2560J/kg ■ Kxl50K 

(0.050m) 3 

u. O-i— 

0.050m 


I —f, 

14.85x10 /4.81 

l / 

| m 2 /sxO.0331 W/m - Kxl50K 


‘ccnv 


= 273 W / m z ■ K. 


To estimate the radiation coefficient, use Eq. 10.11, 

£o(T s 4 -T s 4 at ) 0.50x5.67xl0 _8 W /m 2 ■ K 4 ^523 4 -373 4 |k 4 


^rad 


Ts T sat 


150K 


W/m z K. 


Since h conv > h rac i, the simpler form of Eq. 10.10 is appropriate. Find, 
h = [273 +(3/4)xll] W/m 2 K = 281W /m 2 ■ K. 

Using the rate equation, find 

q' s =28 1 W/m 2 ■ Kxti x(0.050m)xl50K =6.62kW/m. 

COMMENTS: The effect of the water being subcooled (T = 25°C < T sat ) is considered to be 
negligible. 


1/4 



PROBLEM 10.30 


KNOWN: Heater element of 5-mm diameter maintained at a surface temperature of 350°C when 
immersed in water under atmospheric pressure; element sheath is stainless steel with a mechanically 
polished finish having an emissivity of 0.25. 

FIND: (a) The electrical power dissipation and the rate of evaporation per unit length; (b) If the 
heater element were operated at the same power dissipation rate in the nucleate boiling regime, what 
temperature would the surface achieve? Calculate the rate of evaporation per unit length for this 
operating condition; and (c) Make a sketch of the boiling curve and represent the two operating 
conditions of parts (a) and (b). Compare the results of your analysis. If the heater element is operated 
in the power-controlled mode, explain how you would achieve these two operating conditions 
beginning with a cold element. 

SCHEMATIC: 

Heater element 

(SS mechanically polished) 

D = 5 mm 
£ = 0.25 



ASSUMPTIONS: (1) Steady-state conditions, and (2) Water exposed to standard atmospheric 
pressure and uniform temperature, T sat . 

PROPERTIES: TableA-6, Saturated water, liquid (100°C): p( =957.9 kg/m 3 , c pJ = 4217 
J/kg-K, fig = 279xlO“ 6 N-s/m 2 , Pr*=1.76, h fg = 2257kJ/kg, h' ig = h fg +0.80 c p v (T s -T sat ) = 

2905 kJ/kg, a = 58.9 x 10 3 N/m; Saturated water, vapor (100°C): p v = 0.5955 kg/m 3 ; Water vapor 

(T f = 498 K): p v = l/v v = 12.54 kg/m 3 , c p v = 3236 J/kg-K, k v = 0.04186 W/m-K, r| v = 1.317 x 10' 6 

2 . 

m /s. 

ANALYSIS: (a) Since AT e > 120°C, the element is operating in the film-boiling (FB) regime. The 
electrical power dissipation per unit length is 

q s = h(^D)(T s — T sat ) (1) 

where the total heat transfer coefficient is 

u4/3 -4/3 - - 1/3 

h — h conv + h rac | h (2) 

The convection coefficient is given by the correlation, Eq. 10.9, with C = 0.62, 

r 3i 1/4 

hconyP _ c g(P<-Pv)hfgD- 

k v »?yk v (T s -T sat ) 


hconv — 0.62 


9.8 m/s 2 (833.9-12.54)kg/m 3 x2.905xl0 6 J/kg-K(0.005 m) 3 
1.31xl0 _6 m 2 /sx0.04186 W/m-K(350-100)K 


h conv = 626 W/m-K 


The radiation coefficient, Eq. (10. 1 1), with a = 5.67 x 10 8 W/m -K 4 , is 


Continued 







PROBLEM 10.30 (Cont.) 


_ £<7 |t s T sat j 

hrad = ( Xs _ xsat ) 

0.25a (623 4 -373 4 1K 4 

h rad =---—--= 4.5 W/m 2 K 

raG (350-100) K 

Substituting numerical values into Eq. (2) for h, and into Eq. (1) for q(, find 
h = 630 W/m 2 ■ K 

q' s = 630 W / m 2 ■ K (tt x 0.005 m) (350 -100) K = 2473 W/m < 

q's = /nD = 0.157 MW/m 2 

The evaporation rate per unit length is 

r% = q' s /hfg =3.94 kg/h m < 

(b) For the same heat flux, q s =0.157 MW / m , using the Rohsenow correlation for the nucleate 
boiling (NB) regime, find AT e , and hence T s . 


0s — A^/hfg 


g(P/-Pv) 


c p ,t 

C s,f hfg Pr " 


where, from Table 10.1, for stainless steel mechanically polished finish with water, C S; f = 0.013 and n 
= 1 . 0 . 

0.157xl0 6 W/m 2 =279xl0~ 6 N-s/m 2 x2.257xl0 6 J/kg 


9.8 m/s 2 (957.9-0.5955)kg/nr 
58.9xl0 _3 N/m 


4217 J/kg KxAT e 
0.013x2.257xl0 6 J/kgxl.76 


AT e =T s -T sat =10.5K 
The evaporation rate per unit length is 


T s = 110.5°C 


rh d = q'' (^:D)hf„ = 3.94 kg /h ■ m 


Continued 




PROBLEM 10.30 (Cont.) 


(c) The two operating conditions are shown on the boiling curve, which is fashioned after Figure 10.4. 
For FB the surface temperature is T s = 350°C (AT e = 250°C). The element can be operated at NB 
with the same heat flux, q$ = 0.157 MW/m”, with a surface temperature of T s = 110°C (AT e = 10°C). 
Since the heat fluxes are the same for both conditions, the evaporation rates are the same. 



If the element is cold, and operated in a power-controlled mode, the element would be brought to the 
NB condition following the arrow shown next to the boiling curve near AT e = 0. If the power is 
increased beyond that for the NB point, the element will approach the critical heat flux (CHF) 
condition. If q$ is increased beyond q^ax > the temperature of the element will increase abruptly, 

and the burnout condition will likely occur. If burnout does not occur, reducing the heat flux would 
allow the element to reach the FB point. 







PROBLEM 10.31 


KNOWN: Inner and outer diameters, outer surface temperature and thermal conductivity of a tube. 
Saturation pressure of surrounding water and convection coefficient associated with gas flow through 
the tube. 

FIND: (a) Heat rate per unit tube length, (b) Mean temperature of gas flow through tube. 
SCHEMATIC: 


--- Water p sat = 1.523 bar 



1 sat 


-► ^VA^-^VVV^^AA/V"-* 


R’ 


R 


cond 


r; 


fb 


ASSUMPTIONS: (1) Steady-state, (2) Uniform surface temperature, (3) Water is at saturation 
temperature, (4) Tube is horizontal. 


PROPERTI E S: Table A-6, saturated water, liquid (p = 1.523 bars): T sat = 385 K, p f = 950kg/m 3 , 
hfg = 2225 kJ/kg. Table A-6, saturated water, vapor (Tf = 480 K): p v = 9.01 kg/m 3 , c P jV = 2940 
J/kg-K. p v = 15.9 x 10' 6 N-s/m 2 , k v = 0.0381 W/m-K, v v = 1.77xl0“ 6 m 2 Is. 


ANALYSIS: (a) The heat rate per unit length is q" = h 0 7rD 0 (t s 0 - T sat ), where h 0 includes 
contributions due to convection and radiation in film boiling. With C = 0.62 and hf g = h fg +0.80 

c p v (T s 0 - T sat ) = 2.67 x 10 6 J / kg, Eq. 10.9 yields 


f 0.0381 W/m-K 4 


conv,o 


0.030m 


0.62 


9.8 m / s 2 (950 - 9)kg / ni x 2.67 x 10 6 J / kg (0.03m) 3 
1.77 x 10' 6 m 2 / s x 0.0381 W / m • K x 190 K 


1/4 


= 376 W /m ■ K 


From Eq. 10.11, the radiation coefficient is 


2 


0.30x5.67x10 W/nT -K 575 -385 K 


^575 4 -385 4 j 


4 i „4 


1 rad,o 


(575- 385 )K 


- = 7.8W/m • K 


From Eq. 10.10b, it follows that 


h o ^conv.o 

and the heat rate is 


+ 0.75 h rado =382 W/m"-K 


q' = h 0 ^D 0 (t s o - T sat ) = 382 W / m 2 • K {k x 0.03m)l90 K = 6840 W 


< 


(b) From the thermal circuit, with R ranv i = (hj^Dj ) *=^500W/m Kx^x0.026mj =0.0245m-K/W 

and R rand = /n (Do / Di) / 2^k s = /n (0.030/0.026)/ 2n (l5 W/m - K) = 0.00152 m ■ K/W, 

T m- T s,o _ T m -575K 

q R conv,i + R cond (0.0245 + 0.00152)m • K / W 

T m = 575 K + 6840 W/m (0.0260 m • K / W ) = 753 K < 


COMMENTS: Despite the large temperature of the gas, the rate of heat transfer is limited by the 
large thermal resistances associated with convection from the gas and film boiling. The resistance 

due to film boiling is = (^D 0 h 0 ) 1 = 0.0278 m • K / W. 




PROBLEM 10.32 


KNOWN: Cylinder of 120 mm diameter at 1000K quenched in saturated water at 1 atm 

FIND: Describe the quenching process and estimate the maximum heat removal rate per unit length 
during cooling. 

SCHEMATIC: 



ASSUMPTIONS: Water exposed to 1 atm pressure, T sat = 100°C. 

ANALYSIS: At the start of the quenching process, the surface temperature is T s (0) = 1000K. 
Hence, AT e = T s - T sat = 1000K - 373K = 627K, and from the typical boiling curve of Figure 10.4, 
film boiling occurs. 

As the cylinder temperature decreases, AT e decreases, and the cooling process follows the boiling 
curve sketched above. The cylinder boiling process passes through the Leiden frost point D, into the 
transition or unstable boiling regime (D —» C). 

„ ? 

At point C, the boiling heat flux has reached a maximum, q max = 1.26 MW/m" (see Example 10.1). 
Hence, the heat rate per unit length of the cylinder is 

Os = Ornax = Omax (^ D )=1-26MW/m 2 [71 (0.120m)] = 0.475MW/m. < 

As the cylinder cools further, nucleate boiling occurs (C —» A) and the heat rate drops rapidly. Finally, 
at point A, boiling no longer is present and the cylinder is cooled by free convection. 

COMMENTS: Why doesn’t the quenching process follow the cooling curve of Figure 10.3? 



PROBLEM 10.33 

KNOWN: Horizontal platinum wire of diameter of 1 mm, emissivity of 0.25, and surface temperature of 
800 K in saturated water at 1 atm pressure. 

FIND: (a) Surface heat flux, , when the surface temperature is T s = 800 K and (b) Compute and plot 

on log-log coordinates the heat flux as a function of the excess temperature, AT e = T s - T sat , for the range 
150 < AT e < 550 K for emissivities of 0.1, 0.25, and 0.95; separately plot the percentage contribution of 
radiation as a function of AT e . 

T s = 800 K, £ = 0.25, D = 1 mm 


3 

ASSUMPTIONS: (1) Steady-state conditions, (2) Film pool boiling. 

PROPERTI E S: Table A.6, Saturated water, liquid (T sat = 100°C, 1 atm): pf - 957.9 kg/m 3 , h fg = 2257 
kJ/kg; Table A.6, Water, vapor (T f = (T s + T sat )/2 = (800 + 373)K/2 = 587 K): p v = 58.14 kg/m 3 , c p , v - 
7065 J/kg-K, p v = 21.1 x 10 6 N-s/m 2 , k v = 81.9 x 10 3 W/m-K. 

ANALYSIS: (a) The heat flux is 

q;=S(T s -T sat ) = hAT e 



where AT e = (800 - 373)K = 427 indicative of film boiling. From 10.10, 

h = hconv + hradh or h = h conv + (3/4) h ra( j 

if h rad < h conv . Use Eq. 10.9 with C = 0.62 for a horizontal cylinder, 

3l 1/4 

g(P(-Pv) h fg D ~ 

Vv^v (T s _ Tsat) 


Nu D = hconvD =C 
k v 


hconv X 0.001m _ q go 

81.9xlO“ 3 W/m K 


9.8 m/s~ (957.9 - 58.14) kg/m 3 x 4670 k J/ kg (0.001 m) 3 
(21. lx 10“ 6 N • s/m 2 /58.14 kg/ m 3 ) x 0.0819 W/m • K (800 - 373) K 


1/4 


h conv =2155 W/ m ■ K 


where h' fg = h fg +0.8c p v (T s -T sat ) = 2257kj/kg+ 0.8x7065 j/kg• K(800-373)K = 4670kj/kg. To 
estimate the radiation coefficient, use Eq. 10.11, 


^rad 


£<71 T s T sat 


) 0.25c |800 4 -373 4 |k 4 


Ts T sat 


(800-373)K 

Since h ra d < h conv , use the simpler expression, 

h = 2155 w/ m 2 - K + (3/4)13.0 w/ m 2 - K = 2165 w/ m 2 - K. 

Using the rate equation, find 


13.0W/m z ■ K. 


Continued... 



PROBLEM 10.33 (Cont.) 


q" = 2165 w/m 2 ■ K (800-373) K = 0.924Mw/m 2 . 


< 


(b) Using the IHT Correlations Tool, Boiling, Film Pool Boiling, combined with the Properties Tool for 
Water, the heat flux, , was calculated as a function of the excess temperature, AT e for emissivities of 

0.1, 0.25 and 0.95. Also plotted is the ratio (%) of q^dAT as a function of AT e . 



x eps = 0.1 
□ eps = 0.25 
o eps = 0.95 

—Critical heat flux, q"max (W/m A 2) 
—Minimum heat flux, q"min (W/m A 2) 


3 



0 

100 200 300 400 500 600 

Temperature excess, deltaTe (K) 



eps = 0.1 
eps = 0.25 
eps = 0.95 


From the q$ vs. AT e plot, note that the heat rate increases markedly with increasing excess temperature. 

On the plot scale, the curves for the three emissivity values, 0.1, 0.25 and 0.95, overlap indicating that the 
overall effect of emissivity change on the total heat flux is slight. Also shown on the plot are the critical 
heat flux, q^ax = L26 MW/m 2 , and the minimum heat flux, q^in = 18.9kW/m 2 , at the Leidenfrost 
point. These values are computed in Example 10.1. Note that only for the extreme value of AT e is the 
heat flux in film pool boiling in excess of the critical heat flux. The relative contribution of the radiation 
mode is evident from the q^ad/Os vs - AT e plot. The maximum contribution by radiation is less than 
3% and surprisingly doesn’t occur at the maximum excess temperature. By examining a plot of q^ a d vs. 
AT e , we’d see that indeed q^ a d increases markedly with increasing AT e ; however, qconv increases 
even more markedly so that the relative contribution of the radiation mode actually decreases with 
increasing temperature for AT e > 250 K. Note that, as expected, the radiation heat flux, q r a d > i s 
proportional to the emissivity. 


COMMENTS: Since q^ < q^x = 1.26 Mw/m 2 , the prescribed condition can only be achieved in 
power-controlled heating by first exceeding q^x and then decreasing the flux to 0.924 MW/m 2 . 





PROBLEM 10.34 

KNOWN: Surface temperature and emissivity of strip steel. 
FIND: Heat flux across vapor blanket. 

SCHEMATIC: 



Sfeel strip } 1^= cjOyK) b~0.^5 


ASSUMPTIONS: (1) Steady-state conditions, (2) Vapor/jet interface is at T sat for p = 1 atm, (3) 
Negligible effect of jet and strip motion. 

PROPERTIES: Table A-6, Saturated water (100°C): Pf= 957.9 kg/m 3 , h fg = 2257 kJ/kg; 
Saturated water vapor (T f = 640K): p v = 175.4 kg/m 3 , c p v = 42 kJ/kg-K, |i v = 32 x 10 6 N-s/trf, 
k = 0.155 W/m-K, v v = 0.182 x 10' 6 m 2 /s. 

ANALYSIS: The heat flux is 
Os = hAT e 

where AT e = 907 K - 373 K = 5 34 K 

and h = tfconv + h ra( jh or h =h conv +(3/4)h ra( j. 

With hf g =h fg +0.80c p v (T s -T sat ) = 2.02xl0 7 J/kg 


Equation 10.9 yields 


Nu d =0.62 


9.8m/s 2 (957.9-175.4)kg/m 3 (2.02xl0 7 J/kg)(l mf 
0.182X10 -6 m 2 /s(0.155 W/m K)(907-373)K 


1/4 


= 6243. 


Hence, 

h conv = Nu D k v /D = 6243W/m 2 ■ K(0.155 W / m-K / 1 m)=968W/m 2 K 

£o(T s 4 -T s 4 at ) 0.35 X5.67 xlO -8 W / m 2 ■ K 4 ^907 4 -373 4 j K 4 
hfad ~ T s -T sat _ (907-373) K 

h ra d = 24 W / m 2 ■ K 

Hence, h = 968 W/m 2 ■ K+(3/4)(24 W/m 2 kJ= 986 W/m 2 K 

And q' =986W/m 2 K(907 -373)K = 5.265xl0 5 W/m 2 . < 


COMMENTS: The foregoing analysis is a very rough approximation to a complex problem. A more 
rigorous treatment is provided by Zumbrunnen et al. In ASME Paper 87-WA/HT-5. 



PROBLEM 10.35 


KNOWN: Copper sphere, 10 mm diameter, initially at a prescribed elevated temperature is quenched in 
a saturated (1 atm) water bath. 


FIND: The time for the sphere to cool (a) from Tj = 130 to 110°C and (b) from Tj = 550°C to 220°C . 


SCHEMATIC: 



""" Water 
7- sa( =100°C 


ASSUMPTIONS: (1) Sphere approximates lumped capacitance, (2) Water saturated at 1 atm. 


PROPERTI E S: Table A-l, Copper: p = 8933 kg/m 3 ; Table A. II, Copper (polished) : £ = 0.04, typical 
value; Table A.4 , Water : as required for the pool boiling correlations. 


ANALYSIS: Treating the sphere as a lumped capacitance and performing an energy balance, see Eq. 
5.14, 

irji 

Ei n —E out =E st — q s • A s = pc V —- (E2) 

dt 


3 2 

For the sphere, V = 7tD / 6 and A s = 7tD“. Using the IHT Lumped Capacitance Model to solve this 
differential equation, we need to specify (1) the specific heat of the copper sphere as a function sphere 
temperature; use IHT Properties Tool, Copper; and (2) the heat flux, , associated with the pool 
boiling processes; use IHT Correlations Tool, Boiling: 


(a) Cooling from T, =130° to 110°: Nucleate pool boiling, Rohsenhow correlation, Eq. 10.5, 


(b) Cooling from 7’ = 550 to 220°C : Film Pool Boiling, Eq. 10.9 with C = 0.67 (sphere). 


The thermophysical properties for water required of the correlations are provided by the IHT Tool, 
Properties-Water. The specific heat of copper as a function of sphere temperature is provided by the IHT 
Tool, Properties-Copper. The temperature-time histories for each of the cooling processes are plotted 
below. 

Nucleate pool boiling quench process Film pool boiling quench process 




Elapsed time, t (s) 


Continued... 





PROBLEM 10.35 (Cont.) 


Using the Explore feature in the IHT Plot Window , the elapsed times for the quench process were found 


Quench process 

T; - T f ( C) 

At(s) 

Nucleate pool boiling 

130-110 

0.76 

Film pool boiling 

550-220 

13.5 


COMMENTS: (1) Comparing the elapsed times for the two processes, the nucleate pool boiling process 
cools 20°C in 0.76s (26.3°C/s) vs. 330°C in 13.5s (24.4°C/s) for the film pool boiling process. 

(2) The IHT Workspace used to generate the temperature-time history for the nucleate pool boiling 
process is shown below. 

// Correlations Tool - Boiling, Nucleate Pool Boiling, Heat flux 

qs" = qs_dprime_NPB(Csf,n,rhol,rhov,hfg,cpl,mul,Prl,sigma,deltaTe.g) // Eq 10.5 

g = 9.8 // Gravitational constant, m/s A 2 

deltaTe = Ts - Tsat // Excess temperature, K 

Ts = Ts_C + 273 // Surface temperature, K 

//Ts_C = 130 

Tsat = 100 + 273 // Saturation temperature, K 

/* Evaluate liquid(l) and vapor(v) properties at Tsat. From Table 10.1 (Fill in as required), 7 
// fluid-surface combination: 

Csf = 0.013 //Polished copper-water combination, Table 10.1 

n = 1.0 

/* Correlation description: Pleat flux for nucleate pool boiling (NPB), water-surface combination (Cf,n), Eq 10.5, 

Table 10.1 . See boiling curve, Fig 10.4 . 7 

It Properties Tool- Water: 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

xv = 1 //Quality (0=sat liquid or 1=sat vapor) 

rhov = rho_Tx("Water",Tsat,xv) // Density, kg/m A 3 

hfg = hfg_T("Water",Tsat) // Pleat of vaporization, J/kg 

sigma = sigma_T("Water”,Tsat) // Surface tension, N/m (liquid-vapor) 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

xl = 0 // Quality (0=sat liquid or 1=sat vapor) 

rhol = rho_Tx("Water",Tsat,xl) // Density, kg/m A 3 

cpI = cp_Tx("Water",Tsat,xl) // Specific heat, J/kg-K 

mul = mu_Tx("Water”,Tsat,xl) // Viscosity, N-s/m A 2 

Prl = Pr_Tx("Water",Tsat,xl) // Prandtl number 

// Lumped Capacitance Model: 

/* Conservation of energy requirement on the control volume, CV. 7 
Edotin - Edotout = Edotst 
Edotin = 0 

Edotout = As * ( + qs") 

Edotst = rho * vol * cp * Der(Ts,t) 

/* The independent variables for this system and their assigned numerical values are 7 
As = pi * D A 2 / 4 // surface area, m A 2 

vol = pi * D A 3 / 6 // volume, m A 3 

D = 0.01 

rho = 8933 // density, kg/m A 3 

// Properties Tool - Copper 

// Copper (pure) property functions : From Table A.1 
// Units: T(K) 

cp = cp_T("Copper”,Ts) // Specific heat, J/kg-K 



PROBLEM 10.36 

KNOWN: Saturated water at 1 atm is heated in cross flow with velocities 0-2 m/s over a 2 mm- 
diameter tube. 


FIND: Plot the critical heat flux as a function of water velocity; identify the pool boiling and transition 
regions between the low and high velocity ranges. 

SCHEMATIC: 



ASSUMPTIONS: Nucleate boiling in the presence of external forced convection. 

PROPERTIES: Table A-6, Water (1 atm): T sat = 100°C, pp = 957.9 kg/m 3 , p v = 0.5955 kg/m 3 , h fg 
= 2257 kJ/kg, o = 58.9 x 10' 3 N/m. 

ANALYSIS: The Lienhard-Eichhom correlations for forced convection boiling with cross flow over a 
cylinder are appropriate for estimating q" iax , Eqs. 10.12 and 10.13. 


Low Velocity 


9 max _ " 


Pv^fs 


7t 



( \ 

1/3' 


4o 


1 + 




[pvV-dJ 



V 


9max = -0.5955 -^-x2257xl0 3 — 
n nr kg 



( \ 

1/3" 

1 + 

4x58.9x10 J N/m 


0.5955kg/m 3 V 2 0.002m 



V 


Omax = 4.2782xl0 3 V + 2.921xl0 6 V 1/ ^. 

High Velocity 


_ Pvhfg 
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1 


A3/4 
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n 
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V 
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PROBLEM 10.36 (Cont.) 


The transition between the low and high velocity regions occurs when 


flmax _ Pvhfg V 



Pi 

Pv 



q^ ax =0.5955 -^-x 2257 xlO 3 —V 

m 3 kg 


0.275 f 957.9 
% 0.5955 


: 6.0627 x 10° V. 


For pool boiling conditions when the velocity is zero, the critical heat flux must be estimated according 

to the correlation for the small horizontal cylinder as introduced in Problem 10.22. If the cylinder were 

2 

“large,” the critical heat flux would be 1.26 MW/m as given by the Zuber-Kutateladze correlation, Eq. 
10.7. Following the analysis of Problem 10.22, find Bo = 0.40 and the critical heat flux for the “small” 

2 mm cylinder is 

9max) pool =1-18x1.26 MW/m 2 =1.49 W/m 2 . 

The graph below identifies four regions: pool boiling where q max = 1.49 M W / m from V = 0 to 0.15 
m/s and the low velocity, transition and high velocity regimes. 



O 0.5 1.0 1.5 Z.O 


V(Ws) 



PROBLEM 10.37 

KNOWN: Saturated water at 1 atm and velocity 2 m/s in cross flow over a heater element of 5 mm 
diameter. 

FIND: Maximum heating rate, q'[ W / r^ . 

SCHEMATIC: 



V-Zm/s ^ y^sat 


ASSUMPTIONS: Nucleate boiling in the presence of external forced convection. 

PROPERTIES: Table A-6, Water (1 atm): T sat = 100°C, pf = 957.9 kg/m 3 , p v = 0.5955 kg/m 3 , h fg 
= 2257 kJ/kg, o = 58.9 x 10~ 3 N/m. 

ANALYSIS: The Lienhard-Eichhom correlation for forced convection with cross flow over a cylinder 
is appropriate for estimating q^ ax . Assuming high-velocity region flow, Eq. 10.13 with Eq. 10.14 can 
be written as 


9 max 


Pv hfg V 


7t 


1 


( ~ \ 


169 


3/4 


Pi 


+- 
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Substituting numerical values, find 


9max =—0.5955kg/m 3 x2257xl0 3 J/kgx2m/s 
7t 


1 

f 957.9 ) 

169 

^0.5955 J 


3/4 


1 

f 957.9 ) 

1/2 

( 

19.2 

^0.5955 J 


0 . 



V 


58.9x10 3 N/m 


Y 


0.5955kg/nr (2m/s) z 0.005m 


+ 


/3 


9max = 4.3 31 MW/m 2 . 

The high-velocity region assumption is satisfied if 


Qmax 0-275 
P v hfg V 71 


Pi 


\l/2 


V p v J 


+ 1 


4.331X10 6 W/m 2 


0.5955kg/m 3 x2257 xlO 3 J/kgx2m/s 


1.61< 


? 0.275 ( 957.9 ^ 1/2 


7t 


0.5955 


+ 1 = 4.51. 


The inequality is satisfied. Using the q a)ax estimate, the maximum heating rate is 
9max =9max TtD =4.331MW/m 2 X7t (0.005m) =68.0kW/m. 


COMMENTS: Note that the effect of the forced convection is to increase the critical heat flux by 
4.33/1.26 = 3.4 over the pool boiling case. 



PROBLEM 10.38 


KNOWN: Correlation for forced-convection local boiling inside a vertical tube. 
FIND: Boiling heat transfer rate per unit length of the tube. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Local boiling occurs when tube wall is 15°C above 
the saturation temperature. 

ANALYSIS: From experimental results, the heat transfer coefficient can be estimated by the 
correlation 

h=2.54(AT e ) 3 expiJL 

where AT e is the excess temperature, T s - T sat [K], and p is the pressure [bar]. The heat transfer 
rate per unit length is 

q' = n D h AT e . 

Evaluating the heat transfer coefficient, find 

h =2.54(15K) 3 exp(4 bar/15.3) =11,134 W / m 2 ■ K. 

The heat rate is then. 

q'=n (0.050m)xll,134W/m 2 Kxl5K = 26.2 kW/m. < 

COMMENTS: The saturation temperature at 4 bar is T sat = 406.5K according to Table A-6. 



PROBLEM 10.39 


KNOWN: Forced convection and boiling processes occur in a smooth tube with prescribed water 
velocity and surface temperature. 

FIND: Heat transfer rate per unit length of the tube. 


SCHEMATIC: 


T^nox 



Wafer 


€ 






& 


u m =1.5m/s 

T m = 9S°C 


Brass fube„ D-lSmm 


ASSUMPTIONS: (1) Fully-developed flow, (2) Nucleate boiling conditions occur on inner wall of 
tube, (3) Forced convection and boiling effects can be separately estimated. 

PROPERTIES: Table A-6, Water (T m = 95°C = 368K): p/ = l/v f = 962 kg/m 3 , p v = l/v g = 0.500 

kg/m 3 , h fg = 2270 kJ/kg, c p j = 4212 J/kg-K, p £ = 296 x 10~ 6 N-s/m 2 , k f = 0.678 W/mK, Pr ( , = 1.86, 

o = 60 x 10' 3 N/m, v g = 3.08 x 10' 7 m 2 /s. 

ANALYSIS: Experimentation has indicated that the heat transfer rate can be estimated as the sum of 
the separate effects due to forced convection and boiling. On a per unit length basis, 


q =qf C +qboii- 


,-7 2 


For forced convection. Rep =u m D/v,« = 1.5m/sx0.015m/3.08x10 m~/s=73,052. Since Re 

> 2300, flow is turbulent and since fully developed, use the Dittus-Boelter correlation but with the 0.023 
coefficient replaced by 0.019 and n = 0.4, 

Nu d =hD/k = 0.019Rep /5 Pr n 

h= —Nu d = Q ~ 678W/m • K x0.019(73,052) 4/5 (1.86) 0 ' 4 =8563W/m 2 K. 

D 0.015m 

qf c = hn D(T S -T m ) =8,563W/m 2 K-7t (0.015m)(ll0-95)°C = 6052W/m. 

For boiling , AT e =(110- 100)°C = 10°C and hence nucleate boiling occurs. From the Rohsenow 
equation, with C s f = 0.006 and n = 1.0, 


Oboil _ M ‘l hfg 


g(P^-Pv) 

1/2 

1 

S3 

Qh 

O 

1_ 

0 


Csf hfg Pr^ 


^boil 


-6 N■s 3 

296x10 -x 2270x10 

2 

m 


9.8m/s 2 (962-0.5) kg/m 3 

1/2 

4212J/kg • KxlOK 

60 Xl0 _3 N/m 


0.006 x 2270 x 10 3 — x( 1.86) 1 ' 0 
kg 


OboO = l-22xl0 6 W/m 2 qb oil = Oboh (JtD) = 1.22xl0 6 W/m 2 (71 x0.015m) = 57,670W/m. 
The total heat rate for both processes is 

q= (6052+57,670) W/m = 6.37xl0 4 W/m. < 


COMMENTS: Recognize that this method provides only an estimate since the processes are surely 
coupled. 




PROBLEM 10.40 


KNOWN: Saturated steam condensing on the outside of a brass tube and water flowing on the inside 
of the tube; convection coefficients are prescribed. 

FIND: Steam condensation rate per unit length of the tube. 

SCHEMATIC: 


Brass +ube f -> 

D; =16.5 m m r 

L 0 =l?mnf | 

Wafer, T m - 30° C 


s - Condensa+e 

j ||1 ' ^Safurafed~stea^^ 

■upilU o = 6800 WlmZ-K 

^ ^— A?; = 5ZOO \Nfm z ■ K 


ASSUMPTIONS: (1) Steady-state conditions. 

PROPERTIES: Table A-6, Water, vapor (0.1 bar): T sat = 320K, h fg = 2390 x 10 3 J/kg; Table A-l, 
Brass (T = (T m + T sat ) 12 « 300K): k=110W/m-K 

ANALYSIS: The condensation rate per unit length follows from Eq. 10.33 written as 

m=q/ hf g (1) 

where the heat rate follows from Eq. 10.32 using an overall heat transfer coefficient 

q =U G ltD 0 (T sa t -T m ) (2) 

and from Eq. 3.31, 

1 D n /2 D n D n lT 

U n = — + —^—in — 2- + —2— (3) 

° h G k Di Di hi 


0.0095m . 19 19 

- +- In -+- 


6800W/m 2 ■ K 110W/m-K 16.5 16.5 52 00W/m 2 ■ K 


U G = 147.1xl0 -6 +12.18xl0 -6 +192.3xl0 -6 W/m 2 ■ K = 2627W/m 2 ■ K. 


Combining Eqs. (1) and (2) and substituting numerical values (see below for h ), find 
m =U 0 7tD 0 (T sa t -T m )/hfg 

m =2627W/m 2 (0.019m)(320-303)K/2410xl0 3 J/kg = l.llxl0 _3 kg/s. < 

COMMENTS: (1) Note from evaluation of Eq. (3) that the thermal resistance of the brass tube is 
not negligible. (2) From Eq. 10.26, with Ja = c p ^ (T sat -T s )/h fg , hf g = h fg [l + 0.68Ja]. Note from 

expression for U 0 , that the internal resistance is the largest. Hence, estimate T s 0 = T 0 - (R 0 /LR) (T 0 
- T m ) = 313K. Hence, 

hf g - 2390xl0 3 J/kgTl +0.68x4179J/kg K (320-313)K / 2390xl0 3 J /kg 
hf g =2410k J/kg 

where c p ( for water (liquid) is evaluated at Tf = (T s 0 + T 0 )/2 ~ 317K. 



PROBLEM 10.41 


KNOWN: Insulated container having cold bottom surface and exposed to saturated vapor. 

FIND: Expression for growth rate of liquid layer, 8(t); thickness formed for prescribed conditions; 
compare with vertical plate condensate for same conditions. 

SCHEMATIC: 



y 5 cor>c/s ~ 

. -^-Interface 



ASSUMPTIONS: (1) Side wall effects are negligible and, (2) Vapor-liquid interface is at T sat , (3) 
Temperature distribution in liquid is linear, (4) Constant properties. 

PROPERTIES: Table A-6, Saturated vapor (p = 1.0133 bar): T sat = 100°C, p v = 0.596 kg/m 3 , hf g = 
2257 kJ/kg; Table A-6, Saturated liquid (Tf = 90°C = 363K): p, - 1000 kg/m 3 , u f = 313 x 10 6 
N-s/m 2 , k f! = 0.676 W/mK, c pJ = 4207 J/kg-K. 


ANALYSIS: Perform a surface energy balance on the interface (see above) recognizing that 
ni A = p/ d8 /dt from an overall mass rate balance on the liquid to obtain 


T-.// T-. ff rr rr tft, . Teat Te 

^in _ E ou ^ -q CO nds _c lcond ~~hfg -kf - 


d8 

Pf—n f „ - k / 

1 dt g € 8 


T sat T s =Q (1) 


where q^nds ' s the condensation heat flux and q'' ()|lc j is the conduction heat flux into the liquid layer 
of thickness 8 with linear temperature distribution. Eq. (1) can be rewritten as 

dS T sat -T s 

P/hfs — = k^ —K 

g dt 8 

Separate variables and integrate with limits shown to obtain the liquid layer growth rate, 

4/2 


p8 _ r t b( T sat - T s ) 

Jo 5d5 =fo dl 


PC hfg 


or 


8 = 


Zkg (T sa t T s ) 

PC hfg 


( 2 ) < 


For the prescribed conditions, the liquid layer thickness and condensate formed in one hour are 

nl/2 


8 (lhr) 


W ke 'x T 

2x0.676-(100-80 )°Cx3600s/1000-|x2257x10 3 


m ■ K 


m 


kg 


6.57mm < 


M(lhr) = Pf AS =1000kg/m 3 x200xl0 6 m 2 x6.57xl0 3 m = 1.314x10 3 kg. < 
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PROBLEM 10.41 (Cont.) 


The condensate formed on a vertical plate with the same conditions follows from Eq. 10.33, 
M V p = m • t = hL A (T sa j - T s ) ■ t / h fg 

where hfg and hp follow from Eqs. 10.26 and 10.30, respectively. 


hfg =hfg (l+0.68Ja) = hfg (l +0.68cp j AT /hfg j 


hfg =2257xl0 3 J/kg 


( J o ^ 

1+0.68x4207 —-—(100 -80) °C/2257 xl0 J J/kg 
kg-K 


= 2314k J/kg 


h L =0.943 
h L =0.943 


-il/4 


o 

§ Pf ( Pf — Pv)hfg / ftf (T^ a f — T s )L 


9.8m/s 2 xl000kg/m 3 (1000-0.596)kg/m 3 (0.676W/m-K) J 


x2314xl0 3 J/kg/313xlO _6 N s/m 2 (100-80)°Cx0.2m 

h L =8155 W/m 2 K. 

Hence, 

M vp =8155W/m 2 Kx200xl0 _6 m 2 (100-80)°Cx3600s/2314xl0 3 J/kg 
M vp =5.08xl0 _2 kg. < 


COMMENTS: (1) Note that the condensate formed by the vertical plate is an order of magnitude 
larger. For the vertical plate the rate of condensate formation is constant. For the container bottom 
surface, the rate decreases with increasing time since the conduction resistance increases as the liquid 
layer thickness increases. 

(2) For the vertical plate, assumed to be square 14.1 x 14.1 mm, the Reynolds number, Eq. 10.35 and 
10.33, is 

j^ e g _ 4m __ 4 hpA(T sat -T s ) 

P/b [X/;b hfg 


Reg 


8155W/m 2 ■ k(200x10 -6 m 2 )(100-80)°C 


313xl0 -6 Ns/m 2 xl4.1xl0 _3 m 


2314 kJ/kg 


Reg =12.8. 


Hence, using Eq. 10.30 to estimate hp is correct since, in fact, the film is laminar. 



PROBLEM 10.42 


KNOWN: Vertical tube experiencing condensation of steam on its outer surface. 
FIND: Heat transfer and condensation rates. 


SCHEMATIC: 




ASSUMPTIONS: (1) Film condensation, (2) Negligible non-condensibles, (3) D/2 » 8, vertical plate 
behavior. 

PROPERTIES: Table A-6, Water, vapor (1.0133 bar): T sat = 100°C, p v = 0.596 kg/m 3 , h fg = 2257 
kJ/kg; Table A-6, Water, liquid (Tf = 97°C): p ( = 960.6 kg/m 3 , \x ( , = 289 x 10 6 N-s/m 2 , - 4214 

J/kg-K, k £ = 0.679 W/mK. 

ANALYSIS: The heat transfer and condensation rates are 
q = h L (7tDL)(T sat -T s ) m = q/hf g 

where hf g = hf g (l + 0.68Ja) and Ja =Cp j (T sat -T s )/hf g . Hence Ja = 4214 J/kg-K (100 - 
94)K/2257 x 10 3 J/kg = 0.0112 and hf g = 2274 kJ/kg. Assume laminar film condensation and use Eq. 
10.31 to estimate hj_, 


— h T L 
Nu l = —L— = 0.943 




/ 3 

P i 8 ( P f — P v ) b fg 4 - 
IV ^ l (Lat — L ) 


1/4 


_ 0.679W/m • K 

h L =-X 0.943 


1.0m 


960.6kg/m 3 x9.8m/s 2 (960.6-0.596)kg/m 3 x2274xl0 3 J / kgx(lm) J 
289xl0“ 6 N- s/m 2 x0.679W/m-K(l00-94)K 


1/4 


= 7360W/m“ 


Hence, q =7360W/m 2 K(7tx0.100mxlm)(l00-94)K = 13.87kW. 

m =13.9xl0 3 W/2274xl0 3 J/kg =0.00610kg/s. 

6 2 

Check the laminar film assumption: Reg = 4m / p p = 4x 0.00610 kg/s/289 x 10 N-s/m x (7t x 
0.100m) = 269. Since 30 < Reg< 1800, the flow is wavy, not laminar. By combining Eqs. 10.33 and 
10.35 with 10.38 (see Example 10.3), find Reg, 

Re8Vbhf g Re§ _ k £ 

4 A s ( T sat — T s ) 1.08Reg 22 -5.2 J v 2 /g) 1/3 


■ K. 
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PROBLEM 10.42 (Cont.) 


289x10 6 N ■ s / m 2 (ft 0.10m) x 2274X10 3 J / kg 
4 (Jl x 0.10m x lm) (lOO - 94) K 


0.679W/m • K 


1 22 

1.08Re§ -5.2 


289x10 6 /960. 


'42 2 

m /s /9.8m/s 



rh = 16.0xlO 3 W/2274xl0 3 J/kg = 7.05 xlO 3 kg/s. < 

COMMENTS: To determine whether the assumption D/2 » 8 is satisfied, use Eq. 10.25 to estimate 
S(L) = 0.12mm. Despite the laminar film assumption, clearly the assumption is justified and the vertical 
plate correlation is applicable. 



PROBLEM 10.43 


KNOWN: Vertical tube experiencing condensation of steam on its outer surface. 
FIND: Heat transfer and condensation rates. 


SCHEMATIC: 



D-100 mm 

T s = 94“C - 367K 

Condensa+e. 


ASSUMPTIONS: (1) Film condensation, (2) Negligible condensibles in steam, (3) D/2 » 8, vertical 
plate behavior. 

PROPERTIES: Table A-6, Water, vapor (1.5 bar): T sat » 385K, p v = 0.876 kg/m 3 , h fg = 2225 
kJ/kg; Table A-6 , Water, (liquid T f = 376K): p e = 956.2 kg/m 3 , c pJ: = 4220 J/kg-K, \x e = 271 x 10' 6 
N-s/m 2 , k £ = 0.681 W/mK. 

ANALYSIS: The heat transfer and condensation rates are 
q = h L (7tDL)(T sat -T s ) m = q/hf g 

where h' fg =h fg (l+0.68Ja) and Ja = c p j (T sat -T s )/h fg . Hence, Ja = 4220 J/kg-K (385 - 
367)K/2225 x HF J/kg = 0.0171 and h' fg = 2277 kJ/kg. Assume the flow is wavy. Combine Eqs. 
10.33 and 10.35 with 10.38, find Re§. 

Reg jig bhfg _ Reg _ kg 

4A s( T sat- T s) 1.08Re^ 22 -5.2 | v 2 /o j 1/3 


27lx 10 6 N• s/m 2 (tc x0.10m)x2277x 10 3 J/kg 
4x(ti x0.10mxlm)(385 -367)K 


1 


0.681W/mK 


1.08Reg 22 -5.2 


f271xl0 _6 /956.2)"m 4 /s 2 /9.8m/s 2 


1/3 


Reg =832. 


h L 

Using Eq. 10.38, find - 

1.08Reg' 22 -5.2 

q=7127W/m 2 K(ti x0.1mxlm)(385-367)K =40.3kW 
m = 40.3xl0 3 W/2277xl0 3 J/kg =0.0177kg/s. 



h L = 7,127W/m 2 


K. 

< 

< 
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PROBLEM 10.43 (Cont.) 


COMMENTS: Since 30 < Res < 1800, the wavy flow film assumption is justified. By comparing 
these results with those of Problem 10.42, the effect of increased pressure on condensation can be 
seen. 


P (bar) T sat (K) T,. r T,(K) h L (w/m 2 -K) q(kW) 

rii ■ 10 3 (kg/s) 


1.01 373 6 8507 16.0 7.05 

1.5 385 18 7127 40.3 17.7 

The effect of increasing the pressure from 1.01 to 1.5 bar is to increase the excess temperature three¬ 
fold, to decrease h L by 16%, and to increase the rates by a factor of 2.5. 





PROBLEM 10.44 


KNOWN: Saturated steam at one atmosphere condenses on the outer surface of a vertical tube; 
water flow within tube experiences 4°C temperature rise. 


FIND: Required flow rate to maintain tube wall at 94°C. 

SCHEMATIC: 



"H— J) o -100mm 


St^r-D/= 9 Zmm 

-Steel tube 
vs/all, L-lm 


ater) 


%=?4°C 


ASSUMPTIONS: (1) Laminar wavy film condensation on a vertical surface, (2) Negligible 
concentration of non-condensible gases in the stream, (3) Thermal resistance of tube wall is negligible, 
(4) Water flow is fully developed, (5) Tube wall surface is at uniform temperature T s . 

PROPERTIES: Table A-6, Water (Assume T m = 300K): c p = 4179 J/kg-K, p = 855 x 10' 6 N s/m 2 , 
k = 0.613 W/mK, Pr = 5.83. 


ANALYSIS: From the results of Problem 10.42, the heat rate for laminar wavy condensation on the 
outside surface of the tube was found to be q = 16.0 kW. From an energy balance on the water 
flowing within the tube, the flow rate is 

m=q/Cp(T mo -T mi )=16.0xl0 3 W/4179J/kgKx4K=0.957kg/s. (1) < 

To determine the inlet temperature of the water, the rate equation is required. 

q = U AAT] m U= 1/h . +1/ho ^ Tlm = ln(/AT 2) C3 ’ 4) 

2 

From Problem 10.42, = 8507 W/m K. Evaluate Re for the water flow using Eq. 8.6 

Re =4m/;t Dp =4x0.957kg/s/7tx0.092mx855xl0 _6 N-s/m 2 =15,493. 


The flow is turbulent and since fully-developed, Eq. 8.60 is an appropriate correlation. 

Nu = h i D i /k = 0.023Re^ /5 Pr°- 4 =0.023(15,493) 4/5 (5.83)°‘ 4 =104.7 

hi = Nu k/Di = 104.7x0.613W/m- K/0.092m = 698W/m 2 K. 

2 

Hence, U = l/[ 1/698 + 1/8507] = 645 W/m K. Substituting numerical values into the rate equation, 
Eq. (2), with A = 7t D; L, find 

AT lm = q/UA = 16.0X10 3 W/645 W/m 2 ■ Kx(7t0.092mx lm) = 85.6K. 


Recalling now Eq. (4), note that ATj - AT 2 = 4K and that T m o - T m ; = 4K, hence, 

94-T • 

85.6K = 4K/ln- 7 ———^ giving T mi =6.3°C. 

94-{T m>i +4) 

COMMENTS: Note that the T m = 300K assumption is not reasonable and an iteration should be 
made. Also, it is likely that the thermal resistance of the tube wall is not negligible. 



PROBLEM 10.45 

KNOWN: Cooled vertical plate 500-mm high and 200-mm wide condensing saturated steam at 1 atm. 

FIND: (a) Surface temperature, T s , required to achieve a condensation rate of m = 25 kg/h, (b) 

Compute and plot T s as a function of the condensation rate for the range 15 < m < 50 kg/h, and (c) 

Compute and plot T s for the same range of m, but if the plate is 200 mm high and 500 mm wide (vs. 500 
mm high and 200 mm wide for parts (a) and (b)). 

SCHEMATIC: 



ASSUMPTIONS: (1) Film condensation, (2) Negligible non-condensables in steam. 

PROPERTIES: Table A-6, Water, vapor (1.0133 bar): T sat = 100°C, p v = 0.5963 kg/m 3 , h lg =2257 
kJ/kg; Table A-6, Water, liquid (T f ~ (74 + 100)°C/2 ~ 360 K): p f =967.1 kg/m 3 , c p p =4203 
J/kg-K, p t = 324 x 10 6 N-s/m 2 , kp = 0.674 W/mK. 


ANALYSIS: (a) The surface temperature can be determined from the rate equation, Eq. 10.32, written as 
^s = T sa t - q/hpA s = T sat - rhhfg A s 

where h/„ = h fg (1 + 0.68 Ja) and Ja = Cp^(T sat - T s )/h fg . To evaluate T s , we need values of h L and 
h/g , both of which require knowledge of T s . Hence, we need to assume a value of T s and iterate the 
solution until good agreement with calculated T s value is achieved. Assume T s = 74°C and evaluate hfg 
and Reg. 


h fg =2257kJ 




1 + 0.68 


4203J/kg • K (100 - 74) K/ 2257 x 10 3 j/kg 

2 


) = 2331 kJ/kg 


Re 5 =4m//tfb = 4x(25/3600)kg/s/324x 10 6 N-s/m z x0.2m = 429. 
Since 30 < Reg< 1800, the flow is wavy-laminar and Eq. 10.38 is appropriate, 
Re <5 k Z 


h> =- 


1.08Re^' 22 -5 


• 2 ( v ?/*) 1 ' 3 


h> = 


429 

108(429) L22 -5.2 


0.674 W/mK 


324x10 6/967 


■) 2 


Hence, T s = 100°C-(25/3600)—x2331xl0 3 — 

S kg y 

This value is to be compared to the assumed value of 74°C. See comment 1. 


m 4 /s 2 /9.8m/ s 2 


W 


1/3 


= 7312 W/ m" ■ K 


7312——x(0.2x0.5)m- 
m 2 K 


= 78 C. 


(b,c) Using the IHT Correlations Tool, Film Condensation, Vertical Plate for laminar, wavy-lamincir 
and turbulent regions, combined with the Properties Tool for Water, the surface temperature T s was 
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PROBLEM 10.45 (Cont.) 

calculated as a function of the condensation rate, m, considering the two plate configurations as 
indicated in the plot below. 



- 500 mm high x 200 mm wide 

—a— 200 mm high x 500 mm wide 


As expected the condensation rate increases with decreasing surface temperature. The plate with the 
shorter height (L = 200 mm vs 500 mm) will have the thinner boundary layer and, hence, the higher 
average convection coefficient. Since both plate configurations have the same total surface area, the 200- 
mm height plate will have the larger heat transfer and condensation rates. For the range of conditions 
examined, the condensate flow is in the wavy-laminar region. 


COMMENTS: (1) With the IHT model developed for parts (b) and (c), the result for the part (a) 
conditions with m = 25 kg/h is T s = 78.2°C (Re 8 = 439 and hp= 7403 W/m 2 • K) . Hence, the assumed 
value (Ts = 74 C) required to initiate the analysis was a good one. 

(2) A copy of the IHT Workspace model used to generate the above plot is shown below. 


/* Correlations Tool 

- Film Condensation, Vertical Plate, Laminar, wavy-laminar and turbulent regions: 7 

NuLbar = NuL_bar_FCO_VP(Redelta,Prl) // Eq 10.37, 38, 39 
NuLbar = hLbar * (nul A 2 / g) A (1/3) / kl 

g = 9.8 // Gravitational constant, m/s A 2 

Ts = Ts_C + 273 // Surface temperature, K 

Ts_C = 78 // Initial guess value used to solve the model 

Tsat = 100 + 273 // Saturation temperature, K 

// The liquid properties are evaluated at the film temperature, Tf, 

Tf = Tfluid_avg(Ts,Tsat) 

// The condensation and heat rates are 
q = hLbar * As * (Tsat - Ts) // Eq 10.32 
As = L * b // Surface Area, m A 2 

mdot = q / h'fg // Eq 10.33 

h'fg = hfg + 0.68 * cpi * (Tsat - Ts) // Eq 10.26 

// The Reynolds number based upon film thickness is 
Redelta = 4 * mdot / (mul * b) //Eq 10.35 

// Assigned Variables: 


L = 0.5 
b = 0.2 

mdot_h = mdot * 3600 
//mdot_h = 25 
// Properties Tool - Water: 

// Water property functions :T 
// Units: T(K), p(bars); 
xl = 0 

rhol = rho_Tx("Water",Tf,xl) 
hfg = hfg_T("Water",Tsat) 
cpi = cp_Tx("Water",Tf,xl) 
mul = mu_Tx("Water",Tf,xl) 
nul = nu_Tx("Water",Tf,xl) 
kl = k_Tx("Water",Tf,xl) 

Prl = Pr_Tx("Water",Tf,xl) 


// Vertical height, m 
//Width, m 

// Condensation rate, kg/h 
// Design value, part (a) 

dependence, From Table A.6 

// Quality (0=sat liquid or 1=sat vapor) 
// Density, kg/m A 3 
// Fleat of vaporization, J/kg 
// Specific heat, J/kg-K 
// Viscosity, N-s/m A 2 
// Kinematic viscosity, m A 2/s 
//Thermal conductivity, W/m-K 
// Prandtl number 




PROBLEM 10.46 


KNOWN: Plate dimensions, temperature and inclination. Pressure of saturated steam. 

FIND: (a) Heat transfer and condensation rates for vertical plate, (b) Heat transfer and condensation 
rates for inclined plate. 

SCHEMATIC: 




ASSUMPTIONS: (1) Conditions correspond to the turbulent film region, (2) Constant properties. 
PROPERTI E S: Table A-6, saturated vapor (p=l.0133 bars): T sat = 100°C, p v = 0.596 kg/m 3 , hf g = 
2257 kJ/kg. Table A-6, saturated liquid (Tf = 75°C): pg=975kg/m 3 , = 375xlO _6 N • s/m 2 , 

k /: = 0.668 W / m ■ K, c pJ = 4193 J / kg • K. 

ANALYSIS: (a) Expressing h L in terms of Re^ by combining Eqs. (10.33) and (10.35) and 
substituting into Eq. (10.38), it follows that 

Reg pghfg _ Reg _ kg 

4L ( T sat- T s) 1.08Re^' 22 -5.2 | v 2 /g j 1/3 

where, with Ja = c p g (T sat -T s )/h tg = 0.0929, hj g = h fg (l + 0.68Ja) = 2400kJ/kg. From an iterative 
solution to Eq. (1), we obtain Rc f) - = 2370, and the assumption of a turbulent film is justified. From 
Eqs. (10.35) and (10.33) the condensation and heat rates are then 

tii= PgbReg =Q444kg/s < 

q = m hf g =0.444kg/sx2.4xl0 6 J/kg=1.065xl0 6 W < 

From Eq. (10.32), we also obtain h L = q/[(bL)(T sat -T s )] = 5325 W / m • K. 

(b) With h L ( incl ) =(cos0) 1/4 h L , we obtain h L ( incl ) = 0.917x5325 W/m 2 -K = 4880W/m 2 -K. If 

the inclination reduces h L by 8.73%, the heat and condensation rates are reduced by equivalent 
amounts. Hence, 

m = 0.407 kg /s, q = 0.977 xl0 6 W < 

COMMENTS: The initial guess of a turbulent film region was motivated by the value of L = 2m, 
which was believed to be large enough for transition to turbulence. Note that the solution could also 
have been obtained by accessing the Film Condensation correlations of IHT, implementation of which 
does not require an assumption of flow conditions. 



PROBLEM 10.47 


KNOWN: Saturated ethylene glycol (1 atm) condensing on a vertical plate at 420K. 
FIND: Heat transfer rate to the plate and condensation rate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Film condensation, (2) Negligible non-condensible gases in vapor. 

PROPERTIES: Table A-5, Ethylene glycol vapor (1 atm): T sat = 470K, p v = 0 kg/m", hfg =812 k.l/kg; Table 
A-5 , Ethylene glycol, liquid (Tf = (T s + T sat )/2 = 445K; use properties at upper limit of table 373K): p( = 1058.5 
kg/m 3 , c p e = 2742 J/kg-K, \X ( = 0.215 x 10~ 2 N-s/m 2 , k £ = 0.263, W/mK. 


ANALYSIS: The heat transfer and condensation rates are given by Eqs. 10.32 and 10.33. 
q = h L A s (T sat -T s ) m = q/hf g , 

where h= h f (1 + 0.68 Ja) and Ja = c p t (T sat -T s )/ h fg . Substituting property values at Tf = (T s + 
T sat )/2, find hf g =812 kJ/kg (1 + 0.68 [2742 J/kg-K (470 - 420)K/812 x 10 3 J/kg]) = 905 kJ/kg. 
Assuming the flow is laminar, use Eq. 10.30 to evaluate h L . 


g p 


( 


\ 3 ' 

1 ) k, h, 

\ J £ fg 




(l 


)l 


9.8m/s 2 xl058.5kg/m 3 ( 1058.5 - 0 ) k g / m 3 (o.263W/rri' k) 3 x 905x lOJ/kg 
0.215x10 "N • s / m 2 (470 —420 ) K X 0.3m 


find h L = 1451 W/irfi-K. Using the rate equations, find 

q =1451 W/ m 2 • K (0.3x 0.l)m 2 (470-420)K = 2.18kW 
rh = 2.18 x 10 3 W/905 xl0 3 J/kg = 0.002405kg/s = 8.66kg/h. 

-2 2 

Determine whether the flow is indeed laminar: Re 5 = 4m/ p f b = 4x0.002405 kg/s/0.215 x 10 N-s/m x 

0. lm = 44.7. Since 30 < Re§ < 1800, the flow is in the wavy-laminar region. Hence, the correlation of 
Eq. 10.38 is more appropriate. Combining Eq. 10.33 and 10.35 with 10.38 (see Example 10.3), 

Re 8 4/bhfg_Reg_ k e 


4 A s ( T sat ~ T s ) 1.08Reg 22 -5.2 | V/ 2 /g) 1/3 


0.215x10 2 N- s/m 2 x O.lmx 905 xl0 3 J / k g 


0.263W/m ■ K 


4x(0.3x0.l)m 2 ( 470 - 420) K 1.08Re a 22 -5.2 


|o.215xlO 2 /1058.5^ m 4 /s^ /9.8m/s 2 


1/3 


find Reg = 45 and using Eq. 10.38, find 


h T =- 


Res 




1.08Reg 22 —5.2 


=1470W/m“ -K. 


Hence, 


q = 2.21kW 


m = 2.44x10 3 kg/s. 


COMMENTS: Note the wavy-laminar value of Re§ is within 1.3% of the laminar value. 




PROBLEM 10.48 

KNOWN: Vertical plate 2.5 m high at a surface temperature T s = 54°C exposed to steam at atmospheric 
pressure. 

FIND: (a) Condensation and heat transfer rates, (b) Whether turbulent flow would still exist if the height 
were halved, and (c) Compute and plot the condensation rates for the two plate heights (2.5 m and 1.25 
m) as a function of surface temperature for the range, 54 < T s < 90°C. 

SCHEMATIC: 



ASSUMPTIONS: (1) Film condensation, (2) Negligible non-condensables in steam. 

PROPERTIES: Table A-6, Water, vapor (1 atm): T sat = 100°C, p v = 0.596 kg/m 3 , h fg = 2257 kJ/kg; 
Table A-6, Water, liquid (T f = (100 + 54)°C/2 = 350 K): p e = 973.7 kg/m 3 , kg= 0.668 W/m-K, ,Ug = 365 
x 10" 6 N-s/m 2 , c p ^ = 4195 J/kg-K, Prg =2.29. 

ANALYSIS: (a) The heat transfer and condensation rates are given by Eqs. 10.32 and 10.33, 

q = h L L (T sat - T s ) m = q'/hf g (1,2) 

where, from Eq. 10.26, with Ja = c e (T sa , - T s )/h fg , 
hfg =hfg ^l + 0.68^Cp j (T sat — T s )/hfg j 


hf„ = 2251 — 1 + 0.68 
5 kg 


4195 J/kg ■ K(100-54)K 
2257xl0 3 J/kg 


= 2388 kJ/kg. 


Assuming turbulent flow conditions, Eq. 10.39 is the appropriate correlation, 
_ t o / \l/3 


-( v ?/ g ) 


8750 + 58Pr -0 ' 5 Re? 75 - 253 
o 


Reg >1800 


Not knowing Reg or hp, another relation is required. Combine Eq. 10.33 and 10.35, 
_ _ riihfg f Re < ; ; t lt b '| htg 
L A(T sat -T) ( 4 Ja(T s „-T)' 

Substitute Eq. (4) for hpinto Eq. (3), with A = bL, 

Reg Atfbhfg _Reg_ kg 

4 ( bL )( T sat- T ) 8750 + 58Pr f " 0 - 5 (Re^- 75 -253) | v 2 /g j l/3 


(3) 

(4) 

(5) 


Using appropriate properties with L = 2.5 m, find 


Continued... 




PROBLEM 10.48 (Cont.) 


365xl0 _6 N-s/m z x2388xl0' , J/kg 
4x2.5m(l00-54)K 
1 

8750 + 58(2.29)“ 0 ' 5 (Re^ 75 -253) 


( 6 ) 


0.668 W/m-K 


365x10~ 6 /973 




-,1/3 


m 4 s 2 9.8m s 2 


Reg =2979. 

Note that Reg > 1800, so indeed the flow is turbulent, and using Eq. (4) or (3), find 

h L = 5645 W/m 2 ■ K . 

From the rate equations (1) and (2), the heat transfer and condensation rates are 

q = 5645 w/m 2 ■ Kx 2.5m (100 - 54) K = 649k W/m < 

m = 649xlO 3 w/m/2388xl0 3 J/kg = 0.272kg/s m. < 

(b) If the height of the plate were halved, L = 1.25 m, Eq. (6) would only need to be modified for this 
new value. Using the calculated values for the LHS and the last term on the RHS, Eq. (6) becomes, 

3.78960 =--J—-r-x 27,493 (7) 

8750 + 58(2.29) 0,5 (Re^ 75 -253j 

and after some manipulation . find 

Re^ =1280. 

Since 1800 > Reg , the flow is not turbulent, but wavy-laminar. Now the procedure follows that of 
Example 10.3. For L = 1.25 m with wavy-laminar flow, Eq. 10.38 is the appropriate correlation. The 
calculations yield these results: 

Re 5 =1372 h L =5199 w/m 2 -K 


q' = 299kW/m m , = 0.125kg/s-m. < 

Note that the height was decreased by a factor of 2 while the rates decreased by a factor of 2.2! Would 
you have expected this result? 

(c) Using the IHT Correlation Tool, Film Condensation, Vertical Plate for laminar, wavy-lciminar , and 
turbulent regions, combined with the Properties Tool for Water , the condensation rates were calculated 
as a function of the surface temperature considering the two plate heights indicated. 



- 2.5 m high plate 

—a— 1.25 m high plate 


Continued... 




PROBLEM 10.48 (Cont.) 

The condensation rate decreases nearly linearly with increasing surface temperature. The inflection in 
the upper curve (L = 2.5 m) corresponds to the flow transition at Reg = 1800 between wavy-laminar and 
turbulent. For surface temperature lower than 76°C, the flow is turbulent over the 2.5 m plate. The flow 
over the 1.25 m plate is always in the wavy-laminar region. The fact that the 2.5 m plate experiences 
turbulent flow explains the height-rate relationship mentioned in the closing sentences of part (b). 

COMMENTS: A copy of the IHT model used to generate the above plot is shown below. 

/* Correlations Tool 

- Film Condensation, Vertical Plate, Laminar, wavy-laminar and turbulent regions: 7 

NuLbar = NuL_bar_FCO_VP(Redelta,Prl) // Eq 10.37, 38, 39 
NuLbar = hLbar * (nul A 2 / g) A (1/3) / kl 

g = 9.8 // Gravitational constant, m/s A 2 

Ts = Ts_C + 273 // Surface temperature, K 

Ts_C = 54 // Part (a) design condition 

Tsat = 100 + 273 // Saturation temperature, K 

// The liquid properties are evaluated at the film temperature, Tf, 

Tf = Tfluid_avg(Ts,Tsat) 

// The condensation and heat rates are 

q = hLbar * As * (Tsat - Ts) //Eq 10.32 

As = L * b // Surface Area, m A 2 

mdot = q / h'fg // Eq 10.33 

h'fg = hfg + 0.68 * cpi * (Tsat - Ts) // Eq 10.26 

// The Reynolds number based upon film thickness is 

Redelta = 4 * mdot / (mul * b) // Eq 10.35 

// Assigned Variables: 

L = 1.25 //Height, m 

b = 1 //Width, m 

// Properties Tool - Water: 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

xl = 0 //Quality (0=sat liquid or 1=sat vapor) 

rhol = rho_Tx("Water",Tf,xl) // Density, kg/m A 3 

hfg = hfg_T("Water",Tsat) // Heat of vaporization, J/kg 

cpi = cp_Tx("Water",Tf,xl) // Specific heat, J/kg-K 

mul = mu_Tx("Water",Tf,xl) // Viscosity, N-s/m A 2 

nul = nu_Tx("Water",Tf,xl) // Kinematic viscosity, m A 2/s 

kl = k_TxfWater",Tf,xl) // Thermal conductivity, W/m-K 

Prl = Pr_Tx("Water",Tf,xl) // Prandtl number 



PROBLEM 10.49 


KNOWN: Two vertical plate configurations maintained at 90°C for condensing saturated steam at 1 
atm: single plate L x w and two plates each L/2 x w where L and w are the vertical and horizontal 
dimensions, respectively. 

FIND: Which case will provide the larger heat transfer or condensation rate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible concentration of non-condensible gases in the steam. 

PROPERTIES: Table A-6, Saturated water vapor (1 atm): T sat = 100°C, p v = (l/v g ) = 0.596 kg/m 3 , 
hf g = 2257 kJ/kg; Saturated water (T f = (T s + T sat )/2 = (90 + 100)°C/2 = 95°C = 368K): = (l/v f ) = 

962 kg/m 3 , ^ = 296 x 10' 6 N-s/m 2 , k £ = 0.678 W/m-K, c p j = 4212 J/kg-K. 

ANALYSIS: The heat transfer and condensation rates are 
q = hiA s (T sat -T s ) m = q/hf g 

where, for the two cases, 

hL,l A s,l = hL,l(L)[Lxw] h L2 A s2 = h L , 2 (L/2)[2(L/2x w)] 

and the average convection coefficients are evaluated at L and L/2, respectively. Hence, 

qi _ mi _ h L ,i(L)[Lxw] _ h L1 (L) 
q2 m 2 h L2 (L/2)[2(L/2xw)] h L2 (L/2) 

— -1/4 

For laminar film condensation on both plates, using the correlation of Eq. 10.30, with h L a L 
qi /q 2 =(L/[L/2])“ 1/4 =0.84. 


Hence, case 2 is preferred and provides 16% more heat transfer. < 

When Re§ = 30 for case 1 with the given conditions, find from Eq. 10.37 

K L (v?/ g )‘ /3 > 

0.678W/m K 


(296xlO _6 N- 


s/m 2 /962kg/m 3 


/9.8 m/ 


1/ J 


Continued 






PROBLEM 10.49 (Cont.) 


h L 





1.47Reg 1/3 


— 1 

1.47(30) 


h L =15,061W/m 2 K 


and then from Eq. 10.30, 


h L =0.943 


g Pi (Pi ~ Pv) k f h fg 

M-f (T sa t ~T S ) L 


-.1/4 


where 

hfg =hfg +0.68cp ^ (T sa j — T s ) 

hf g = 2257kJ/kg+0.68 x4212J/kg ■ K (100 -90)K = 2286kJ/kg, 
15,061W/m 2 K = 


0.943 


9.8m/s 2 x962kg/m 3 (962-0.596)kg/m 3 (0.678W/mK) 3 
296xl0 -6 N -s/m 2 (100-90)KL 


228 6k J/kg 


1/4 


L = 34 mm. 


We can anticipate for other, larger values of L that the comparison of h L values cannot be so easily 
made. However, according to Figure 10.15, we expect the same behavior of h L in the wavy region 
and anticipate that indeed case 2 will provide the greater condensation rate. Note that in the turbulent 
region with the increase in h L with Res, we cannot conclude with certainty which case is preferred. 


COMMENTS: In dealing with single-phase, forced or free convection, we associate thin thermal 
boundary layers with higher heat transfer rates. For vertical plates, we would expect the shorter plate 
to have the higher convection heat transfer coefficient. The results of this problem suggest the same is 
true for condensation on the vertical plate. 



PROBLEM 10.50 

KNOWN: Number, diameter and wall temperature of condenser tubes in a square array. Pressure of 
saturated steam around tubes. 

FIND: Rates of heat transfer and condensation per unit length of the array. 

SCHEMATIC: 



o o 

o 

• 

o 

o o 



Tube, D = 0.025 m 
T s = 17°C 


N = 25 


O 


ASSUMPTIONS: (1) Laminar film condensation on tubes, (2) Negligible concentration of 
noncondensable gases in steam. 

PROPERTIES: Table A-6, saturated vapor (p sat = 0.105 bar): T sat = 320 K = 47°C, p v = 0.0715 
kg/m 3 , hfg = 2390 kJ/kg. Table A-6, saturated liquid (Tf = 32°C = 305 K): p ( , = 995 kg /m 3 , 

Pg =769xlO" 6 N-s/m 2 , kg = 0.620W/m• K, Cp j = 4178J/kgK. 


ANALYSIS: The average heat rate per unit length for a single tube is qj = h D N (/rD )(T sat -T s ), 
where h D N is obtained from Eq. 10.41. With Ja = c p g (T sat -T s )/h fg = 0.052 and hj„ = h fg (1 + 
0.68 Ja) = 1.04 (2.390 x 10 6 J/kg) = 2.48 x 10 6 J/kg, 


ho n — 0.729 


EP<? (P<?-P v ) k ? h 


fg 


N Pf? ( T sat "DO 


1/4 


h D , N = 0.729 


9.8 m / s 2 x 995 kg / 111 (995 - 0.0715) kg / m 3 (0.62 W / m • KR 2.48 X10 6 J / kg 


25x769x10 6 N-s/m Z (30°C)0.025m 


1/4 


= 3260 W/m K 


The heat rate per unit length of the array is q' 


2 / 

N qj. Hence, 


q = N 2 h D N (^D)(T sat -T s ) = 625x3260 W/m 2 • K(ttx 0.025m)30°C = 4.79x 10 6 W/m < 


The corresponding condensation rate is 


m = 



4.79xl0 6 W/m 
2.48x10^ J/kg 


= 1.93kg/s-m 


< 


COMMENTS: Because of turbulence generation due to splashing from one tube to another in a 
vertical column, the foregoing value of h D n i s expected to underestimate the actual value of h D n 
and hence to underpredict the heat and condensation rates. 



PROBLEM 10.51 


KNOWN: Tube wall diameters and thermal conductivity. Mean temperature and flow rate of water 
flow through tube. Pressure of saturated steam around tube. 

FIND: (a) Rates of heat transfer and condensation per unit length, (b) Effect of flow rate on heat 
transfer. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible concentration of noncondensible gases in the steam, (2) Uniform 
tube surface temperatures, (3) Laminar film condensation, (4) Fully-developed internal flow, (5) 
Constant properties. 

PROPERTIES: Table A-6, water (T m = 290 K): p = 0.00108 N s/m 2 , k = 0.598 W/m-K, Pr = 7.56. 
Table A-6, saturated vapor (p = 0.135 bar): T sat = 325 K = 52°C, p v = 0.0904 kg/m 3 , h fg = 2378 

kJ/kg. Table A-6, saturated liquid (T f - T sat ): pf=987kg/m 3 , c p = 4182J/kg • K, 

= 528x 10 _6 N• s/m 2 , k £ = 0.645W/m-K. 


ANALYSIS: (a) From the thermal circuit, the heat rate may be expressed as 


Tsat T m 


Rfc + Rcond + Rconv 


where, Rcond = ^ n (D 0 /Dj )/2;rk s = 0.00152m - K/W 

The convection resistance is R^onv = (^Djhj) 1 . With Re D = 4m /= 11,336, the flow is 
turbulent and the Dittus-Boelter correlation yields 


h; = — 0.023 Ren Pr = 


4/5 T-, 0.4 ( 0.598 W /m • K 


0.026m 


0.023(11,336) 4/5 (7.56) 0 ' 4 = 2082 W/ m z • K 


The convection resistance is then 


R conv = (^ D i h i ) 1 =(^x0.026mx2082W/m 2 -K) 1 = 0.00588m-K/W 

The resistance associated with the condensate film is R[ c = (/rD 0 h 0 ), where h 0 is given by Eq. 
10.40. With C = 0.729, 


h. = C 


s Pe (pc ~ P v )k£ h fg 

Pf (^sat — U,o ) D 0 


= 0.729 


9.8m/s 2 X 987 (987-0.09) kg 2 /m 6 (o.645W/m-K) 3 hf 
528 x 10“ 6 N ■ s / m 2 (325 - T ) X 0.030m 


h Q = 462 


W 3 - kg T' ' ( hf g 

m 8 ■ K 3 • s 325-T S)C 


where hf g = h fg + 0.68c pit (T sat - T s o ) = 2.38x 10 6 J / kg + 2844 J / kg ■ K (325 - T s o ) 

The unknown surface temperature may be determined from an additional rate equation, such as 

Continued .... 




PROBLEM 10.51 (Cont.) 


l s,o 


l m 


^cond + ^conv 

Substituting the thermal resistances into Eqs. (1) and (2), an iterative solution yields 


( 2 ) 


T s 0 = 321.6K = 48.6°C 


The condensation rate is then 


m cond 


4270 W/m 


h fg 2.39xl0 6 J/kg 


q' = 4270 W/m 


0.00179kg/sm 


The corresponding values of the condensate convection coefficient and resistance are 


h Q = 13,380W/m ■ K 


and Rf c = 0.000793 m ■ K / W 


< 


< 


Because R^, onv is much larger than R^ond ar *d Rf c , attention should be paid to reducing the 

convection resistance in order to increase the heat rate. The resistance to heat flow by convection is 
the limiting factor. 

(b) The effects of varying the flow rate are shown below 



Tube flow rate (kg/s) 



The effect of increasing m on q' is significant and is accompanied by a reduction in T s Q . 

COMMENTS: (1) Use of the IHT convection and condensation correlations, as well as its 
temperature-dependent properties of water facilitated the numerical solution. (2) Evaluation of the 
film properties at T sat is reasonable for part (a), since Tf = (T s o + T sat )/2 = 50.3°C ~ T sat . However, 
with increasing m and hence decreasing T s 0 , the approximation would become inappropriate. 





PROBLEM 10.52 


KNOWN: Inner surface of a vertical thin-walled container of length L and diameter D experiences 
condensation of a saturated vapor. Container wall maintained at a uniform surface temperature by 
flowing cold water across its outer surface. 

FIND: Expression for the time. t f , required to fill the container with condensate assuming the condensate 
film is laminar. Express your result in terms of D, L, (T sat - T s ), g and appropriate fluid properties. 


SCHEMATIC: 



Chemical process 
saturated vapor, T sat 



9 

> < 


ASSUMPTIONS: (1) Laminar film condensation on a vertical surface, (2) Uniform temperature 
container wall surface, and (3) Mass of liquid condensate in the laminar film negligible compared to 
liquid mass on bottom of container. 

ANALYSIS: From an instantaneous mass balance on the container, 


m(t) = 


dM 

dt 


(1) 


Where m (t) is the condensate rate and the liquid mass in the container, M, is 
M = p< (;rD 2 /4)(L-x) 

The condensate rate from Eq. 10.33 can be expressed as 
_ 0 _ h s A s (Tsat ~T S ) 
hf g hf g 

where the average film coefficient over the height 0 to x from Eq. 10.30 is, 

3 , 1 1/4 

gPf (P^-Pv) k ^ h fg 

Pf (^sat _ T S )x 

and the surface area over which condensation occurs is 
A s =ttDx 


h s =0.943 


( 2 ) 

(3) 

(4) 

(5) 


Continued... 




PROBLEM 10.52 (Cont.) 


Substituting Eqs (2-5) into Eq. (1), 

,3t 


0.943 


gPe(Pe-Pv) k pfg 

P( (^sat _ T S )L 


1/4 


L 


1/4 


,1/4 


(^Dx)/h' fg =-p £ [k D 2 /4) 


dx 

dt 


( 6 ) 


Separate variables and identify the limits of integration, 

1/4 


0.943 


gPl(p/-Pu) k l h fg 
Pi: (Tsat _ T S )L 


L 1/4 (^D)/rhf g p,(^D 2 /4) 


lo fdt = -lx=L X ' 3/4dX ™ 


The RHS integrates to 


,1/4 


( 1 / 4 ) 


n0 


4L 


1/4 


JL 


( 8 ) 


and solving for t f , 


t f =4 


p^^D 2 /4)Lh^ g 


0.943 


o 

gP/(p/-Pv) k ? h fg 
Pi (Tsat ~T S )L 


1/4 


(?rDL)(T sat T s ) 


< 


COMMENTS: The numerator and denominator in the bracketed expression are of special significance. 
The numerator is product of the mass in the filled container and the latent heat of vaporization; that is, 
the total energy removed by the cold water. What is physical significance of the denominator? Can you 
interpret the time-to-fill, t f , expression in light of these terms? 



PROBLEM 10.53 

KNOWN: Tube of Problem 10.42 in horizontal position experiences condensation on its outer surface. 
FIND: Heat transfer and condensation rates. 


SCHEMATIC: 



Saturated 
steam, latm 


Horizontal tube, 

D-O.lm, L-lm 


ASSUMPTIONS: (1) Laminar fdm condensation, (2) End effects negligible, (3) Negligible 
concentration of non-condensible gases in steam. 

PROPERTIES: Table A-6, Water, vapor (1 atm): T sat = 100°C, p v = 0.596 kg/m 3 , hf g = 2257 kJ/kg; 
Table A-6, Water, liquid (T f = (T s + T sat )/2 = 370K): p e = 960.6 kg/m 3 , c pJ = 4214 J/kg-K, p e = 
289 x 10' 6 N-s/m 2 , k* =0.679 W/rnK. 


ANALYSIS: From Eq. 10.32 with A = k D L and Eq. 10.33, the heat transfer and condensation rates 
are 

q = h L (7lDL) (T sat -T s ) m=q/hf g 

where from Eq. 10.26 with Ja =Cp^( T sat-Ts)/hf g , find 


hf g =h f [l +0.68Ja] =2257kJ/kg 


Q ’ll kj 

1 + 0.68 4214J/kg-K (100 - 94 )K/2257xlOJ/kg =2274 —. 
L JJ kg 

For laminar film condensation, Eq. 10.40 is the appropriate correlation for a cylinder with C = 0.729, 

d/4 


h D = 0.729 


gPl (Pf-Pv) k / h fg 
MT (Tsat ~T S )D 


h D = 0.729 


9.8m/s 2 x960.6kg/m 3 (960.6 - 0.596)kg/m 3 (o.679W/m K) 3 x2274 xl0 3 J/kg 
289xlO _6 N s/m 2 (100-94)Kx0.1m 


nl/4 


h D = 10,120 W / m z ■ K. 


Hence, the heat transfer and condensation rates are 

q = 10,120 W/m 2 K(ti x0.1mxlm)(l00-94)K = 19.1kW < 

tri=19.1xl0 3 W/2274xl0 3 J/kg =8.39xl0 _3 kg/s. < 


COMMENTS: A comparison of the above results for the horizontal tube with those for a vertical 
tube (Problem 10.42) follows: 

Position h |w/m 2 K j q(kW) hr 10 3 (kg/s) 


Vertical 8,507 16.0 7.05 

Horizontal 10,120 19.1 8.39 


The rates are higher for the horizontal case. Why? 



PROBLEM 10.54 


KNOWN: Horizontal pipe passing through an air space with prescribed temperature and relative 
humidity. 

FIND: Water condensation rate per unit length of the pipe. 


SCHEMATIC: 


Ambi errh air, 

TZ = 37°C, <p--CH5j 


-e 


r—Pi-pe , D-25 mm 




777 


%=15°C 


ASSUMPTIONS: (1) Film condensation occurs on horizontal tube. 


PROPERTIES: Table A-6, Water, vapor (T* = 37°C = 310K): p A sat = 0.06221 bar; Table A-6, 
Water, vapor (p A = <|) • PA, S at = 0.04666 bar): T Asat ~ 305K, p v = 0.04 kg/m 3 , hf g = 2426 kJ/kg; Table 
A-6, Water, liquid (T f = (T s + T A;Sat )/2 = 297K): p t = 997.2 kg/m 3 , c pJ = 4180 J/kg-K, \i £ = 917 x 

10' 6 N s/m 2 , k £ = 0.609 W/m-K. 


ANALYSIS: From Eq. 10.33, the condensate rate per unit length is 

^ _ 0 _ l 71 - D) (T S at ~ T s ) 

hfg hf g 

where, from Eq. 10.26, with Ja = c p £ (T sat - T s )/ h fg , 


h fg =hf g [l+0.68c M (T sat -T s )/h f ] =2426 — 

kg L 


1+0.68x4180 J (305 -288)K/2426xl0 3 — 
kg■K kg 


hfg =2474 kJ/kg. 

Note that T sat = T A sat is the saturation temperature of the water vapor in air at 37°C having a relative 
humidity (|) = 0.75. That is, T sat = 305K while T s = 15°C = 288K. Assuming laminar fdm condensation 
on the horizontal pipe, it follows from Eq. 10.40 that, 


h D = 0.729 


gPl (Pf-Pv) k f h fg 

M -£ (^at _ T S )D 


1/4 


h D = 0.729 


9,8m/s 2 x997.2kg/m 3 (997.2 - 0.04)kg/m 3 (0.609W/m • K ) 3 x2474 xlO 3 J/kg 
917 x 10 _6 N • s / m 2 (305 -288) Kx0.025m 


-|l/4 


h D = 7925 W / m 2 ■ K. 

Hence, the condensate rate is, 

in' = 7925 W / m 2 ■ K (n x0.025m) (305 -288) K/2474xl0 3 J/kg 


rri' = 4.28x10 3 kg/s-m. 


< 


COMMENTS: The actual dropwise condensation rate exceeds the foregoing estimate. 



PROBLEM 10.55 

KNOWN: Horizontal tube, 50mm diameter, with surface temperature of 34°C is exposed to steam at 
0.2 bar. 

FIND: Estimate the heat transfer and condensation rates per unit length of the tube. 

SCHEMATIC: 


C^ Stea 777 , OT ^baT ) 

-0 


r_ 




D~- 


Tube, T = SOmm 


ASSUMPTIONS: (1) Laminar film condensation, (2) Negligible non-condensibles in steam. 

PROPERTIES: Table A-6, Saturated steam (0.2 bar): T sat = 333K, p v = 0.129 kg/m 3 , hf g = 2358 
kJ/kg; Table A-6 , Water, liquid (T f = (T s + T sat )/2 = 320K): p ( = 989.1 kg/m 3 , c pJ = 4180 J/kg-K, 

\i e = 577 x 10 6 N-s/nT, k^ = 0.640 W/m-K. 

ANALYSIS: From Eqs. 10.32 and 10.33, the heat transfer and condensate rates per unit length of the 
tube are 

q = h D (tt D) (T sat - T s ) m = q7 hfg 

where from Eq. 10.26 with Ja = (T sa t -T s )/ hfg, 


1c T 9 

hfg = hfg[1+0.68 Ja] = 2358— 1 +0.68x4180J/kg K(333-307)K/2358xl0 J J/kg 

kg L 

hfg =2432 kJ/kg. 

For laminar film condensation, Eq. 10.40 is appropriate for estimating Hq with C = 0.729, 

r 3 , nl/4 

gp/ (p/ -p v )k/yhf 2 
h D = 0.729 V ’ 1 g 

l ^(T sat -T s )D 

, 9.8m/s 2 x989.1kg/m 3 (989.1-0.129)kg/m 3 (0.640W/m- K) 3 x2432xl0 3 J/kg 
h D = 0.729 |- 21 -—------ 

577xlO _6 N s/m 2 (333-307)Kx0.050m 


h D = 6926 W / m 2 ■ K. 

Hence, the heat transfer and condensation rates are 

q = 6926 W / m 2 ■ K (jc x0.050m)(333 -307)K = 28.3kW/m < 

m =28.3xl0 3 W/m/2432xl0 3 J/kg = 1.16xl0 _2 kg/s-m. 


< 



PROBLEM 10.56 


KNOWN: Horizontal tube lm long with surface temperature of 70°C used to condense steam at 1 
bar. 

FIND: Diameter required for condensation rate of 125 kg/h. 


SCHEMATIC: 



ASSUMPTIONS: (1) Laminar film condensation, (2) Negligible non-condensibles in steam. 

PROPERTIES: Table A-6, Water, vapor (1 atm): T sat = 1(X)°C, p v = 0.596 kg/m 3 , hf g = 2257 kJ/kg; 
Table A-6, Water, liquid (Tf = (T s + T sat )/2 = 358K): p ( = 968.6 kg/m 3 , c p j = 4201 J/kg-K, u e = 

332 x 10" 6 N-s/m 2 , k ( = 0.673 W/rnK. 

ANALYSIS: From the rate equation, Eq. 10.33, with A = n D L, the required diameter is 

D =irihfg/7t Lhp)(T sat -T s ) (1) 

where from Eq. 10.26 with Ja = Cp j (T sal — T s ) / h|-g. 


hfg = h f g (l +0.68Ja) = 2257 


kJ 

kg 


1 + 0.68 


4201J/kgKx(l00-70)K 
2257 xlO 3 J/kg 


= 2343kJ/kg. 


Substituting numerical values, Eq. (1) becomes 

D =-^-—x2343xl0 3 —/jt xlmxhr) (100-70)K =863.2h“ 1 . 
3600 s kg u\ , D 

The appropriate correlation for h D is Eq. 10.40 with C = 0.729, 

d/4 


h D = 0.729 


gPl (Pf-Pv)kfhfg 

(Tsat ~T S )D 


( 2 ) 

(3) 


(4) 


Substitute Eq. (4) for h D into Eq. (3) and use numerical values, 
863.2 D -1 = 0.729x 


9.8m/s 2 x968.6kg/m 3 (968.6-0.596)kg/m 3 (0.673W/m K) 3 x2343xl0 3 J/kg 
332xlO“ 6 N s/m 2 (100-70) KxD 

863.2 D _1 = 3693.4 D -1/4 


D = 0.144m = 144mm. 


< 


COMMENTS: Note for this situation Ja = 0.06. 



PROBLEM 10.57 


KNOWN: Saturated R-12 vapor at 1 atm condensing on the outside of a horizontal tube. 
FIND: Tube surface temperature required for condensation rate of 50 kg/h. 



ASSUMPTIONS: (1) Laminar film condensation, (2) Negligible non-condensibles in vapor. 

PROPERTIES: Table A-5, R-12 Saturated vapor (1 atm): T sat = 243K, p v = 6.32 kg/m 3 , hf g = 165 
kJ/kg; Table A-5, R-12 Saturated liquid (Tf ~ 240K): p ( = 1498 kg/m 3 , c p j - 892.3 J/kg-K, \i (: = 

0.0385 x 10~ 2 N s/m 2 , k* = 0.069 W/m-K. 


ANALYSIS: The surface temperature or temperature difference can be written as follows from Eq. 
10.33, 

AT = T sat -T s = mhfg/hp)7t DL (1) 

where A = n D L. To evaluate hf g and h D , we require knowledge of T s or AT. Assume a AT = 
10°C, then T s = 233K and Tf = (T s + T sat )/2 = 240K. From Eq. 10.26 with Ja =c p £ AT/h fg , find 


hfg = hfg (l + 0.68Ja) = 165 


— 1 + 0.68x892.3—-—xlOK/165x 10 3 — 
kg L kg-K kg J 


= 171kJ/kg. 


( 2 ) 


The appropriate correlation for h D is Eq. 10.40 with C = 0.729; substitute properties and find h D in 
terms of AT. 

-,1/4 


h D = 0.729 


SPl (Pf-Pv) k /hfg 
\Tt (Tsat ~T S )D 


h D =0.729 


9.8m/s 2 xl498kg/m 3 (1498-6.32)kg/m 3 (0.069W/mK) 3 xl71xl0 3 J/kg 


0.0385x10 2 N s/m 2 x ATx0.010m 


1/4 


nl/4 


h D = 3082AT 
Substitute Eq. (3) into Eq. (1) for h D , and solve for AT, 


(3) 


50 


AT= ^5' kg/sxl71xl0Jj/k g / ( 3082ATl/4 l 7r ( a010m ) xlm 


AT = 12.9K or T s = 230K. < 

COMMENTS: We used the assumed value of T s or AT only to evaluate properties. Our estimate 
for Tf = 240K is to be compared to the calculated value of Tf ~ 236K. An iteration is probably not 
necessary. 



PROBLEM 10.58 

KNOWN: Saturation temperature and inlet flow rate of R-12. Diameter, length and temperature of 
tube. 

FIND: Rate of condensation and outlet flow rate. 

SCHEMATIC: 


-> 

m v j = 0.01 kg/s 



ASSUMPTIONS: (1) Negligible concentration of noncondensables in vapor. 

PROPERTI E S: Given, R-12, saturated vapor: p v = 6 kg/m 3 , hf g = 160 kJ/kg, j.i v = 150 x 10 7 
N-s/m”. TableA-5, R-12, saturated liquid (Tf= 300 K): p( = 1306kg/m 3 , c p /> = 978 J/kg • K, 
p t =0.0254N-s/m 2 , k^ = 0.072W/m• K. 

ANALYSIS: The Reynolds number associated with the inlet vapor flow is Re v j = 4m v j //rD/i v 

= 0.04kg /s/;rx0.025mx 150x10 7 N• s/m 2 = 33,950 < 35,000. Hence, the average convection 
coefficient may be obtained from Eq. 10.42, where hf g = h fg + 0.375 c p (T sat -T s ) = (1.6 X 10 5 + 
0.375 x 978 x 20) J/kg = 1.67 x 10 5 J/kg. 


h D = 0.555 


SPf (Pi “P v ) k f h f g 

Pf (Tat — T )d 


-|1 / 4 


: 0.555 


9.8m /s 2 (l306kg/m 3 j (0.072W/m ■ K) 3 1.67xlO 5 J/kg 


0.0254 N ■ s / m" X 20 K x 0.025m 


1/4 


h D =297W/m 2 K 

The heat rate is then 

q = /rDLh D (T sat — T s ) = ^:x0.025mx2mx297 W/m 2 ■ Kx20K = 933 W 

and the condensation rate is 

q 933 W ^ 

m cond = 77 = -- = 0.0056 kg /s < 

h fg 1.67x10^ 

The flow rate of vapor leaving the tube is then 


m v 0 =m v j -rh con( j =(0.0100-0.0056)kg/s = 0.0044kg/s 


< 










PROBLEM 10.59 


KNOWN: Array of condenser tubes exposed to saturated steam at 0.1 bar. 

FIND: (a) Condensation rate per unit length of square array, (b) Options for increasing the condensation 
rate. 


SCHEMATIC: 


o 


T, 



D = 8 mm, N f = 100 tubes 

X 

ASSUMPTIONS: (1) Film condensation on tubes, (2) Negligible non-condensable gases in steam. 


PROPERTI E S: Table A.6, Saturated water vapor (0.1 bar): T sat ~ 320 K, p v = 0.072 kg/m 3 , h fg = 2390 
kJ/kg; Table A.6, Water, liquid (T f = (T, + T sat )/2 = 310 K): p f = 993.1 kg/m 3 , = 4178 J/kg-K, p/ 

= 695 x 10 6 N-s/m 2 , = 0.628 W/m-K. 


ANALYSIS: (a) From Eq. 10.33, the condensation rate for a N xN square array is 
m = m/L = hp)jq ■ N t (;rD)(T sat — T s )/hfg 

where hp) jq is the average coefficient for the tubes in a vertical array of N tubes. With la = Cp (, AT/h fg 
= 4178 J/kg-K x (320 - 300)K/2390 x 10 3 J/kg = 0.035, Eq. 10.26 yields hf g = h fg (l + 0.68 Ja) = 2390 
kJ/kg(l + 0.68 x 0.035) = 2447 kJ/kg. 

For a vertical tier of N = 10 horizontal tubes, the average coefficient is given by Eq. 10.41, 

,3. ^ 1/4 


h D,N =0.729 


gPf (p(-pv) k / h fg 

Np/ (T S at — T s ) D 


Iid.N — 0.729 


9.8m/s 2 x993.1kg/m 3 (993.1-0.072)kg/m 3 (0.628 W/m-K) 3 x2447xlO 3 j/kg 


10x695x10 6 N-s/m 2 (320-300)Kx0.008m 


1/4 


h D , N =6210W/m z -K. 


Hence, the condensation rate for the entire array per unit tube length is 

m = 6210 W / m 2 - K (100)^ x 0.008 m(320 - 300) K /2447 xlO 3 J/kg 

m'= 0.128kg/s m = 459kg/h m. < 

(b) Options for increasing the condensation rate include reducing the surface temperature and/or the 
number of tubes in a vertical tier. By varying the temperature of cold water flowing through the tubes, it 
is feasible to maintain surface temperatures in the range 280 < T s < 300 K. Using the Correlations and 
Properties Toolpads of IHT, the following results were obtained for N = 10, 5 and 2, with N, = 100 in 
each case. The results are based on properties evaluated at p = 0.1 bar, for which the Properties Toolpad 
yielded T sat = 318.9 K. 


Continued... 



PROBLEM 10.59 (Cont.) 



—•— N = 10 
—*— N = 5 
—■— N = 2 


Clearly, there are significant benefits associated with reducing both T s and N. 

COMMENTS: Note that, since hjy j\j °< N 1/4 , the average coefficient decreases with increasing N due 
to a corresponding increase in the condensate film thickness. From the result of part (a), the coefficient 
for the topmost tube is h D = 6210 W/m 2 K(10) 1/4 = 11,043 W/m 2 K. 




PROBLEM 10.60 

KNOWN: Thin-walled concentric tube arrangement for heating deionized water by condensation of 
steam. 


FIND: Estimates for convection coefficients on both sides of the inner tube. Inner tube wall outlet 
temperature. Whether condensation provides fairly uniform inner tube wall temperature approximately 
equal to the steam saturation temperature. 



ASSUMPTIONS: (1) Negligible thermal resistance of inner tube wall, (2) Internal flow is fully 
developed. 

PROPERTIES: Deionized water (given): p = 982.3 kg/m 3 , c p = 4181 J/kg-K, k = 0.643 W/m-K, p = 
548 x 10 6 N-s/nT, Pr = 3.56; Table A-6, Saturated vapor (1 atm): T sat = 100°C, p v = (1/Vg) = 0.596 
kg/m 3 , hfg = 2265 kJ/kg; Table A-6, Saturated water (assume T s ~ 75°C, Tj = (75 + 100)°C/2 = 360K): 
p ( = (1/ Vf ) = 967 kg/m 3 , = 324 x 10' 6 N-s/m 2 , k ( = 0.674 W/m-K, c pJ = 4203 J/kg-K. 


ANALYSIS: From an energy balance on the inner tube assuming a constant wall temperature, 
he (^sat - T s o ) = hj (T so - T m o ) 

where h c and hj are, respectively, the heat transfer coefficients for condensation (c) on a horizontal 
cylinder and internal (i) flow in a tube. 

Condensation. From Eq. 10.40, for the horizontal tube, 


0.729 


g Pf(Pl-Pv) k l h fg 

M ‘i (Tsat ~T S )D 


1/4 


where hfg — hfg jl +0.68cp f (T sat T s )/hfgJ 

hfg =2265 kJ/kg|l+0.68X4203J/kg -K(100-T s )/2265xl0 3 J/kg} 
hfg =2265 kJ/kg {l+l.262 x!0 -3 (100-T s )} 


h c = 0.729 


9.8m/s 2 x967kg/m 3 (067 -0.596) kg/m 3 (0.674W/m-K)- ; 


x 


2265 jl + 1.262xl0 -3 (l00-T s )}kJ/kg/324x!0 _6 N-s/m 2 (100-T s )0.030m 


1/4 


Continued 



PROBLEM 10.60 (Cont.) 


h c = 2.843x10 


l+1.262xl0 _J (100-T s ) 


100-T c 


1/4 


Internal flow. From Eq. 8.6, evaluating properties at T m , find 
4m _ 4x5 kg/s 


Re D 


7t x548x 10 _6 N s/m 2 x0.030 m 


3.872 xl0~ 


and for turbulent flow use the Colburn equation, 
Nu d = = 0.023Re^ 8 Pr 113 


hi = 


0.023x0.643 W/m K 


0.03 m 


0 8 

(3.872x10 s ) ' (3.56) 1/3 = 2.22xl0 4 W/ 


m 


Substituting numerical values into the energy balance relation, 

-,1/4 


2.843x10 


4 


1 + I.262xl0 _3 (l00-T so ) 


100 -L 


s,o 


(ioo-t Si0 )k 


= 2.22X 10 4 W / m 2 . K (T s>0 - 60) K 


and by trial-and-error, find 

Ts,o ~ 75°C. 

With this value of T s , find that 


h c =1.29x10 W/m z K 


■K. < 


< 


which is approximately half that for the internal flow. Hence, the tube wall cannot be at a uniform 
temperature. This could only be achieved if h c □ h j. 



PROBLEM 10.61 


KNOWN: Heat dissipation from multichip module to saturated liquid of prescribed temperature and 
properties. Diameter and inlet and outlet water temperatures for a condenser coil. 

FIND: (a) Condensation and water flow rates, (b) Tube surface inlet and outlet temperatures, (c) 
Coil length. 


SCHEMATIC: 


D-0.01m- 


u-u.uim^ 

<^afer) - j 

T mi =ZQ5K v *^ 


FC vapor 

T 5 a f= 5 r 7 C 


t 






~ > Tno=315K 


ASSUMPTIONS: (1) Steady-state conditions since rate of heat transfer from the module is balanced 
by rate of heat transfer to coil, (2) Fully developed flow in tube, (3) Negligible changes in potential and 
kinetic energy for tube flow. 

PROPERTIES: Saturated fluorocarbon (T sat = 57°C, given): k ( = 0.0537 W/m-K, c p f : = 1100 
J/kg-K, hf g ~ h fg = 84,400 J/kg. = 1619.2 kg/m 3 , p v = 13.4 kg/m 3 , o = 8.1 x 10 3 kg/s 2 , \i ( = 440 

(1 _ o 

x 10 kg/m-s, Pr> = 9; Table A-6, Water, sat. liquid (T m = 300K) : p = 997 kg/m , c p = 4179 J/kg-K, 
H = 855 x 10' 6 N-s/m 2 , k = 0.613 W/mK, Pr = 5.83. 

ANALYSIS: (a) With 

q = (q*xA ) module =1 ° 5 W/m 2 (0. lm) 2 =10 3 W 
the condensation rate is 


10 3 W 


m 


con 


= 0.0118 kg/s 


hf g 84,400J/kg 

and the required water flow rate is 

q 1000 W 


m 


CpfVo-Vi) 4179J/kg K(30K) 

(b) The Reynolds number for flow through the tube is 


= 7.98xl0 _J kg/s. 


Re D = 


4 m 


4x7.98x10 J kg/s 
6 n 


7t (0.01m)855xl0 _b N-s/m 


= 1188. 


< 


< 


Hence, the flow is laminar. Assuming a uniform wall temperature, 

hi = Nu D k/D = 3.66(0.613 W/m -K/0.01m) = 224 W/m 2 -K. 


Continued 





PROBLEM 10.61 (Cont.) 


For film condensation on the outer surface, Eq. 10.40 yields 


h G =0.729 


9.8m/s 2 | 

(l619.2kg/m 3 ) 

(l605.8kg/m 3 ) 

(0.0537 W / m ■ K) 3 84,400J/kg 


440x10 

^ kg/m sx 0.01m(T sat -T s ) 


h G =2150(57 -T s ) 1/4 . 

From an energy balance on a portion of the tube surface, 
^o (Tsat - T S ) = hj (T s — T m ) 


or 


a /a 

2150(57-T S J /4 =224(T S -T m ) 


At the entrance where (T mi =285K), trial-and-error yields: 


T s j =50.6°C 

and at the exit where (T m 0 = 315K), 


< 


T S n=55.4°C 


(c) From Eqs. 8.44 and 8.45, 

q 


L 


hjTt DAT to 


where 


(T s -Tmi)-(T s -T m o) 41-11 
AT im = — ' 1 . — -= 41 = 22.8°C 


L 


ln[A-T m ,i)/(T s -T mi0 )] ln(41/ll) 

1000 w 


(224 W/m 2 ■ k)tc (0.01m)22.8°C 


:6.23m. 


< 


< 


COMMENTS: Some control over system performance may be exercised by adjusting the water 
flow rate. By increasing m,(T m 0 -T m j) is reduced for a prescribed q. The value of Iq is increased 
substantially if the internal flow is turbulent. 



PROBLEM 10.62 


KNOWN: Saturated ethylene glycol vapor at 1 atm condensing on a sphere of 100 mm diameter 
having surface temperature of 150°C. 

FIND: Condensation rate. 


SCHEMATIC: 




Sphere, D=100mm ) 
T s -150°C = 4Z5K 


ASSUMPTIONS: (1) Laminar film condensation, (2) Negligible non-condensibles in vapor. 

PROPERTIES: Table A-5, Saturated ethylene glycol, vapor (1 atm): T sat = 470K, p v ~ 0 kg/m 3 , hf g 
= 812 kJ/kg; Table A-5, Ethylene glycol, liquid (Tf = 423K, but use values at 373K, limit of data in 
table): p ( = 1058.5 kg/m 3 , c pJ = 2742 J/kg-K, = 0.215 x 10' 2 N-s/m 2 , k £ = 0.263 W/m-K. 

ANALYSIS: The condensation rate is given by Eq. 10.33 as 


m 


h L (ttD 2 )(T sat -T s ) 


hfg hfg 

2 

where A = n D“ for the sphere and h{„ , with Ja = c p £ AT/h [g , is given by Eq. 10.26 as 

f T A 


kl i 1 -x 

hf„ = h f „ (1 + 0.68Ja) = 812 — 1 + 0.68x 2742-(470-423) K/812 xlO j J/kg 

kg kg -K 


= 900kJ/kg. 

The average heat transfer coefficient for the sphere follows from Eq. 10.40with C = 0.815, 


h D =0.815 


gPl (Pf-Pv) k /hf g 

M-f (Tsat ~T S )D 


1/4 


h D =0.815 


9.8m/s 2 xl058.5kg/m 3 (l058.5-0 )kg/m 3 (o.263W/m ■ K ) 3 x 900xl0 3 J/kg 
0.215 x 10“ 2 N • s / m 2 (470 - 423 ) Kx 0.100m 


1/4 


h D = 1674W/m 2 K. 

Hence, the condensation rate is 

m=1674W/m 2 KxTt (0.100m) 2 (470-423)K/900xl0 3 J/kg 
m = 2.75 xl0 _3 kg/s. < 


COMMENTS: Recognize this estimate is likely to be a poor one since properties were not evaluated 
at the proper Tf which was beyond the limit of the table. 



PROBLEM 10.63 

KNOWN: Copper sphere of 10 mm diameter, initially at 50°C, is placed in a large container filled with 
saturated steam at 1 atm. 


FIND: Time required for sphere to reach equilibrium and the condensate formed during this period. 

SCHEMATIC: 

-Copper sphere, D-lOmm 

T S (0)=T,*50’C 










ASSUMPTIONS: (1) Laminar film condensation, (2) Negligible non-condensibles in vapor, (3) 
Sphere is spacewise isothermal, (4) Sphere experiences heat gain by condensation only. 

PROPERTIES: Table A-6, Saturated water vapor (1 atm): T sat = 100°C, p v = 0.596 kg/m 3 , hf g = 
2257 kJ/kg; Table A-6, Water, liquid (T f » (75 + 100)°C/2 = 360K): p ( = 967.1 kg/m 3 , c pJ = 4203 
J/kg-K, \y (: = 324 x 10 6 N-s/m', k f , = 0.674 W/m-K; Table A-l, Copper, pure (T = 75° C) : p sp = 
8933 kg/m 3 , c p sp = 389 J/kg-K. 

ANALYSIS: Using the lumped capacitance approach, an energy balance on the sphere provides, 
Ein ~E OU (- = E st 


mhfg - hp> A s (T sa j T s ) - p S p Cp S p V 5 


dTs 

dt 


( 1 ) 


Properties of the sphere, p sp and c p , sp ,. Will be evaluated at T s = (50 +100)°C/2= 75°C, while water 
(liquid) properties will be evaluated at T f = (T s +T sat )/ 2 = 87.5°C = 360K. From Eq. 10.26 with Ja = 
c p f AT / h fg where AT = Tsat - T s , find 


kJ 


( 


h fg =h f( r (l +0.68Ja ) =2257 — 

kg 


1+0.68 


V 


4203 —-—x (100 - 75)K/2257xl0 3 J/kg 


-v 


kJ 

= 2328 —. (2) 
kg 


kg-K 

To estimate the time required to reach equilibrium, we need to integrate Eq. (1) with appropriate limits. 
However, to perform the integration, an appropriate relation for the temperature dependence of h D 
needs to be found. Using Eq. 10.40 with C = 0.815, 

il/4 


h D =0.815 


gPf(pf-Pv) k ( h fg 


MT (Tsat T s )D 
Substitute numerical values and find, 


h D =0.815 


9.8m/s 2 x967. lkg/m 3 (967.1 -0.596)kg/m 3 (o.674W/m- K) 3 x2328xl0 3 J/kg 


324x10 6 N-s/m 2 (T sat -T s )x0.010m 


1/4 


k D _ B (Tsat T s ) 


-1/4 


where 


3/4 


B = 30,707W/trr ■ (K) . (3) 


Continued 




PROBLEM 10.63 (Cont.) 


— 1 3 2 

Substitute Eq. (3) into Eq. (1) for h D and recognize V s / A s = — n D /ji D“ = D/6, 

6 


B (T S at T s ) (T sa t T s ) - p S p Cp S p (D / 6) 


dTs 

dt 


( 4 ) 


Note that d(T s ) = - d(T sat - T s ); letting AT = T sat - T s and separating variables, the energy balance 
relation has the form 


t , Psp c p,sp( D/6 )rAT d(AT) 


f dt = 

J 


JO B 


AT 0 AT 3/4 


(5) 


where the limits of integration have been identified, with AT 0 = T sat - T, and Tj = T s (0). Performing 
the integration, find 

^ _ Psp c p,sp (D/6) 1 

_ B 1-3/4. 

Substituting numerical values with the limits, AT = 0 and AT 0 = 100-50 = 50°C, 


AT 174 -ATq /4 


8933kg/m- j x389J/kgK(0.010m/6) 
30,707 W/m 2 -K 3 74 


O 174 -50 174 


K 


1/4 


t = 2.0s. < 

To determine the total amount of condensate formed during this period, perform an energy balance on 
a time interval basis, 

Ein _ E ou t = AE =Ef ma j - Ej n jq a ] 

Ejn = Psp c p,sp ^ (Tfinal nititil ] (6) 


where T final = T sat and T initial = T, = T s (0). Recognize that 
Ein =Mhfg 

where M is the total mass of vapor that condenses. Combining Eqs. (6) and (7), 
Psp c p,sp V 


M 


M = 


h fg 


[Tsat-Ti] 


8933kg/m 3 x389J/kg K(7t /6)(0.010m) 3 
2328X10 3 J/kg 


[100-50] K 


(7) 


M =3.91xl0 _5 kg. 

COMMENTS: The total amount of condensate could have been evaluated from the integral, 


M 


= [> Ad , = f ‘ ^_ dt = f‘ h P A s(Tsa,-T s )dt 

J() J() hfg ^0 hfg 


J 0 JO hfg JO 

giving the same result, but with more effort. 



PROBLEM 10.64 


KNOWN: Saturated steam condensing on the inside of a horizontal pipe. 


FIND: Heat transfer coefficient and the condensation rate per unit length of the pipe. 

SCHEMATIC: 




D=YS/T77T7 

T S =100°C 

Condensate 


ASSUMPTIONS: (1) Film condensation with low vapor velocities. 

PROPERTIES: Table A-6, Saturated water vapor (1.5 bar): T sat ~ 385K, p v = 0.88 kg/m 3 , hf g = 
2225 kJ/kg; Table A-6, Saturated water (T t - = (T sat + T s )/2 = 380K): p f = 953.3 kg/m 3 , c p j - 4226 
J/kg-K, \i t = 260 x 10" 6 N-s/m 2 , = 0.683 W/m-K. 

ANALYSIS: The condensation rate per unit length follows from Eq. 10.33 with A = 7t D L and has 
the form 


= ^ = l'D6D)(T sat -T s )/hf g 


where h D is estimated from the correlation of Eq. 10.42 with Eq. 10.43, 

3 , ^ 1/4 

, S0»(On -Dw)k^hf„ 

h D =0.555 


where 


M-f(Tsat T s )D 


hfg =hfg + |cp,<’(T S at -T s )=2225xl0 3 i-+2x4226-kj(385-373)K 


hf g =2244kJ/kg. 


Hence, 


h D = 0.555 


9.8m/s 2 x953.3-^-(953.3-0.88)-^-(0.683W/mK) 3 2244xl0 3 J/kg 


1/4 






260x 10 -6 N • s / m z (3 85 - 373) K x 0.075m 


h D = 7127W/m 2 ■ K. 

It follows that the condensate rate per unit length of the tube is 

m = 7127 W/m 2 K (n x0.075m) (385 - 373)K / 2225xlO 3 J/kg = 9.06xl0 -3 kg/ s - m. < 



PROBLEM 10.65 


KNOWN: Horizontal pipe passing through an air space with prescribed temperature and relative 
humidity. 


FIND: Water condensation rate per unit length of pipe. 

SCHEMATIC: 



ASSUMPTIONS: (1) Drop-wise condensation, (2) Copper tube approximates well promoted 
surface. 


PROPERTIES: Table A-6, Water vapor (T* = 37°C = 310K): p A sat = 0.06221 bar; Table A-6, 
Water vapor (p A = (t)-p a , S at = 0.04666 bar): T sat = 305K = 32°C, hf g = 2426 kJ/kg; Table A-6, Water, 
liquid (T f = (T s + T sat )/2 = 297K): c pJ = 4180 J / kg • K. 

ANALYSIS: From Eq. 10.33, the condensate rate per unit length is 

• / q (ft D) (T sa t — T s ) 
m = —— = —-- 

hfg hfg 


where from Eq. 10.26, with Ja =c p e (T sat -T s )/h 


if g , 


kJ 


hfg = hfg [1 +0.68Ja] = 2426 —[1+0.68 x4180J/kg ■ K (305 -288) K/2426k J/kg ] 

kg 

hfg =2474kJ/kg. 


Note that T sat is the saturation temperature of the water vapor in air at 37°C having a relative humidity, 
(J> = 0.75. That is, T sat = 305K and T s = 15°C + 288K. For drop-wise condensation, the correlation 
of Eq. 10.44 yields 


h dc = 51,104 + 2044T sat 


22°C < T sat < 100°C 


where the units of h dc and T sat are W/m K and °C. 


sat 


h dc =51,104+ 2044(32°C) = 116,510 W / m 2 ■ K. 


Hence, the condensation rate is 

in = 116,510 W / m 2 ■ K (n x 0.025m)(305 - 288) K/2474xl0 3 J/kg 
rh' = 6.288xl0 -2 kg/s • m < 

COMMENTS: From the result of Problem 10.54 assuming laminar film condensation, the 

_o 

condensation rate was =4.28 xlO ' kg/s m which is an order of magnitude less than for the 

rate assuming drop-wise condensation. 



PROBLEM 10.66 


KNOWN: Beverage can at 5°C is placed in a room with ambient air temperature of 32°C and 
relative humidity of 75%. 

FIND: The condensate rate for (a) drop-wise and (b) film condensation. 

Beverage can 
T s = 5°C 
D = 65 mm 
L = 120 mm 

Drop-wise or film 
condensation 

ASSUMPTIONS: (1) Condensation on top and bottom surface of can neglected, (2) Negligible non¬ 
condensibles in water vapor-air, and (b) For film condensation, film thickness is small compared to 
diameter of can. 

PROPERTIES: Table A-6, Water vapor (T„o = 32°C = 305 K): p A>sat = 0.04712 bar; Water vapor 
(p A = f PA, sat = 0.03534 bar): T sat ~ 300 K = 27°C, h fg - 2438 kJ/kg; Water, liquid (T f = (T s + T sat )/2 
= 289 K): c p ^ =4185 J/kg-K. 

ANALYSIS: FromEq. 10.33, the condensate rate is 

_ q _ h(^DL)(T sat ~ T s ) 

" h fg " h fg 

where from Eq. 10.26, with Ja = Cp ^ (T sat - T s )/hf g , 

hfg =hfg [1 + 0.68 Ja] 

hf g =2438 kJ / kg[l + 0.68x4185 J/kg■ K(300-278)K/2438 kJ/kg] 
hfg =2501 kJ/kg 

Note that T sat is the saturation temperature of the water vapor in air at 32°C having a relative 
humidity of (f)^ = 0.75. 

(a) For drop-wise condensation, the correlation of Eq. 10.44 with T sat = 300 K = 27°C yields 
h = h dc = 51,104 + 2044 T sat 22°C < T sat < 100°C 

— i 

where the units of h t | c are W/m K and T sat are °C, 

h dc =51,104 + 2044x27=106,292 W/m 2 K 
Hence, the condensation rate is 

m = 1.063xl0 5 W/m 2 -K(7rx0.065 mx0.125 m)(27-5)K/2501 kJ/kg 

tii = 0.0229 kg/s < 


SCHEMATIC: 



Continued 




PROBLEM 10.66 (Cont.) 

(b) For film condensation, we used the IHT tool Correlations, Film Condensation, which is based 
upon Eqs. 10.37, 10.38 or 10.39 depending upon the flow regime. The code is shown in the 
Comments section, and the results are 

Re^ = 24, flow is laminar m = 0.00136 kg / s < 

Note that the film condensation rate estimate is nearly 20 times less than for drop-wise condensation. 
COMMENTS: The IHT code identified in part (b) follows: 

/* Results, Part (b) - input variables and rate parameters 

NuLbar Redelta hLbar mdot D L Ts Tsat 

0.5093 24.05 6063 0.001362 0.065 0.125 278 300 */ 

/* Thermophysical properties evaluated at Tf; hfg at Tsat 

Prl Tf cpI h'fg hfg kl mul nul 

7.81 289 4185 2.501E6 2.438E6 0.5964 0.001109 1.11 E-67 

// Other input variables required in the correlation 

L = 0.125 
b = pi * D 
D = 0.065 


/* Correlation description: Film condensation (FCO) on a vertical plate (VP). If Redelta<29, 
laminar region, Eq 10.37 . If 31<Redelta<1750, wavy-laminar region, Eq 10.38 . If Redelta>=1850, 
turbulent region, Eq 10.26, 10.32, 10.33, 10.35, 10.39 . In laminar-wavy and wavy-turbulent transition 
regimes, function interpolates between laminar and wavy, and wavy and turbulent correlations. See 
Fig 10.15 . 7 

NuLbar = NuL_bar_FCO_VP(Redelta,Prl) // Eq 10.37, 38, 39 
NuLbar = hLbar * (nul A 2 / g) A (1/3) / kl 

g = 9.8 // gravitational constant, m/s A 2 

Ts = 5 + 273 // surface temperature, K 

Tsat = 300 // saturation temperature, K 

// The liquid properties are evaluated at the film temperature, Tf, 

Tf= (Ts + Tsat) / 2 

// The condensation and heat rates are 

q = hLbar * As * (Tsat - Ts) // Eq 10.32 

As = L * b // surface Area, m A 2 

mdot = q / h'fg // Eq 10.33 

h'fg = hfg + 0.68 * cpI * (Tsat - Ts) // Eq 10.26; hfg evaluated at Tsat 

// The Reynolds number based upon film thickness is 

Redelta = 4 * mdot / (mul * b) //Eq 10.35 


// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 


x = 0 

hfg = hfg_T(”Water",Tsat) 
cpI = cp_Tx("Water",Tf,x) 
mul = mu_Tx(''Water",Tf,x) 
nul = nu_Tx("Water",Tf,x) 
kl = k_Tx("Water",Tf,x) 

Prl = Pr_Tx("Water",Tf,x) 


// Quality (0=sat liquid or 1=sat vapor) 

// Fleat of vaporization, J/kg; evaluated at Tsat 

// Specific heat, J/kg-K 

// Viscosity, N-s/m A 2 

// Kinematic viscosity, m A 2/s 

//Thermal conductivity, W/m-K 

// Prandtl number 



PROBLEM 10.67 


KNOWN: Surface temperature and area of integrated circuits submerged in a dielectric fluid of prescribed 
properties. Height and temperature of condenser plates. 

FEND: (a) Heat dissipation by an integrated circuit, (b) Condenser surface area needed to balance heat load. 

SCHEMATIC: 


Vap< 


>or- 


Dielectric 

■Fluid: 


Liquid- 


*!lj 


/////s. 




- 77 * 


Condenser plafe^^lS^^ H=50mm 
-IC,T s =75°C t A s -25 x10 s m z 1 N=SOO 


ASSUMPTIONS: (1) Nucleate pool boiling in liquid, (2) Laminar film condensation of vapor, (3) Negligible heat 
loss to surroundings. 

PROPERTIES: Dielectric fluid (given, T sat = 50°C): p ( = 17()0kg/m\ c p £ = 1005J/kg-K, (J ,p =6.80x 10 4 
kg/s m, k ( ! = 0.062W/mK, Pq, = 11, a = 0.013 kg/s 2 , h fg = 1.05 x IQ 5 J/kg, C s>f = 0.004, n = 1.7. 


ANALYSIS: (a) For nucleate pool boiling, 
q's = 


g(P(?- Pv) 

1/2 

a 

V 


c p,l AT e 
C c fhf„ Pr o 


N 3 


9.8 m/s 2 xl700kg/m 3 

1/2 

( N 3 

1005 J/kg -Kx25K 

0.013kg/s 2 


v 0.004x1.05x 10 5 J/kgxll 1 ' 7 ^ 


6.8x10 4 kg/s-m(l.05xl0 5 J/kg 


= 84,530W/m“ 


q s =A q” =84,530W/m 2 x25xl0 6 m 2 =2.11W. 


(b) For laminar film condensation on a vertical surface, Nu l =0.943 


ZPf(pf~ Py)hf g L 3 

U ( Fat - L ) 




1/4 


f 


hf g h fg 


1 + 0.68 


C p,/ AT 

hfg 


= 1.05xl0 5 +0.68(l005J/kg Kx35K)=1.29xl0 5 J/kg 


Nu l « 0.943 


2 

9.8m/s 2 |l700kg/m 3 j" 1.29X10 5 J/kg(0.05 m) 3 


6.8x10 4 kg/s-m(0.062 W/m-K)(35K) 


1/4 


= 703 


h L = (kf / L)Nu l = (0.062 W/m-K/0.05m)703 = 872W/m'-K 

q c = h L A c (T sat -T c ) = 872 W / m 2 -K (35K) A c = 30,500A C (m 2 ) 

To balance the heat load, q c = Nq s . Hence 

500x2.11 W 2 

A c =-= 0.0346 m“ < 

30,500 W/m 2 

COMMENTS: (1) With A e = 0.0346m and H = 0.05m, the total condenser width is W = A c /H = 692mm. (2) With 

m c /b = r = q c /hfg W = 1055W/1.29xlO 5 J/kg x0.692m = 0.0118kg/s • m, Re g =AT/\i ( = 

-4 

4(0.0118kg/s m)/68 x 10 kg/s -m = 69.4. Hence condensate film is in the laminar-wavy regime, and a more 
accurate estimate of A c would require iteration. 



PROBLEM 10.68 


KNOWN: Thin-walled thermosyphon. Absorbs heat by boiling saturated water at atmospheric 
pressure on boiling section Lp. Rejects heat by condensing vapor into a thick fil m which falls length of 
condensation section L c back into boiling section. 

FIND: (a) Mean surface temperature, Ts,b, of the boiling surface if nucleate boiling flux is 30% 
critical flux, (b) Mean surface temperature, Ts,c of condensation section, and (c) Total condensation 
flow rate, m, in thermosyphon. Explain how to determine whether film is laminar, wavy-laminar or 
turbulent. 


SCHEMATIC: 



C-onde nsation 
section 


Insulation 


Boiling 

section 


ASSUMPTIONS: (1) Laminar film condensation occurs in condensation section which approximates 


a vertical plate, (2) Boiling and condensing section are separated by insulated length Lj, (3) Top surface 


of condensation section is insulated, (4) For condensation, liquid properties evaluated at Tf = 90°C. 


PROPERTIES: Table A-6, Saturated water (100°C): = l/v f =957.9 kg/m 3 , c p ^=4217 

J/kg-K, \i(: = 279x10 6 N ■ s/m 2 , Pp =1.76, hf g = 2257 kJ/kg, o = 58.9 x 10 3 N/m; Saturated vapor 


(100°C): p v = l/v g = 0.5955 kg/m 3 ; Saturated water (90°C): p<» = l/v f =964.9kg/m 3 , c p ^=4207 
J/kg-K, \x ( = 313 x 10" 6 N-s/m 2 , =0.676 W / m-K. 

ANALYSIS: (a) The heat flux for the boiling section is 30% the critical heat flux which at 
atmospheric pressure is 

q ; b =0.30q" max =0.30x1.26xl0 6 W/m 2 = 3.78xl0 5 W/m 2 . 

Using the Rohsenow correlation for nucleate boiling with T sat = 100°C and typical values for the 
surface of C s f = 0.0130 and n = 1.0, find 


Os^ _ Mfhfg 


g(pf-Pv) 

1/2 

c p,/( ^s,b T sa t) 

o 


v C s,f h fg y 


3.78xl0 5 W/m 2 =279x10 6 N ■ s / m 2 x 2257 xlO 3 J/kgx 


9.8m/s 2 (957.9 - 0.5955 )kg/m 3 

1/2 

f 4217 J/kg-K (T s b -100) f 

58.9xlO -3 N/m 


^0.013x2257xlO 3 J/kgl.76 L0 y 


Continued 




PROBLEM 10.68 (Cont.) 


T sb =114.0°C < 

(b) The heat transferred into the boiling section must be rejected by film condensation, 

9c = fib = 9s,b /4 + 7tDL b 

q c = 3.78x 10 5 W /m 2 % (0.020m) 2 /4+ ji (0.020m)x0.020m =592 W. 


The mean surface temperature can be determined from the rate equation 
9c = hlx (^DL c )(T sat — T S)C j 
where the convection coefficient is determined from Eq. 10.30, 

3 1 1/4 

m (pf-py) k f h fg 

M7 (T sa t-T S , C )L C 

9.8m/s 2 x964.9kg/m 3 (964.9 -0.5955)kg/m 3 (0.676W/m ■ K) 3 2257 xlO 3 J/kg 
h Lc = 0.943 ------- |j ---s-- 

313xl0“ 6 N s/rn 2 (lOO-T s>c )0.040 m 
where hfg =hfg|l+0.68cp ,f( T sat T s,c)/Iifg} 

hj g =2257 xlO 3 J/kg|l+0.68x4207 J/kg K(l00-T s c )/2257xl0 3 J/kg J =2257x 10 3 J/kg. 

Hence, h Lc = 2.517xl0 4 (l00-T s c ) _1/4 . 

Using the rate equation, now find T s c by trial-and-error, 

592 W = 2.517x 10 4 (l00-T s c ) _1/4 (n x 0.020mx 0.040m) (100- \ c ) K 

9.358 = (l00- T sc )°' 75 


h Lc = 0.943 


T s c =80.3°C. 

(c) The condensation rate in the condenser section is 

m = q c /hf g =592W/(2257xl0 3 J/kg) = 2.623xlO^kg/s 
and from Eq. 10.35, 


Reg 


4m _ 4m _ 4x2.623x10 4 kg/s 

9/b (^f(^D) 313xl0 _6 Ns/m 2 (7tx0.020m) 


< 

< 


Since 30 < Reg < 1800, we conclude the film is laminar-wavy. 



PROBLEM 10.69 


KNOWN: Thermosyphon configuration for cooling a computer chip of prescribed size. 

FIND: (a) Chip temperature and total power dissipation when chip operates at 90% of critical heat flux, 
(b) Required condenser length. 


SCHEMATIC: 



C s f = 0.005, n= 1.7 

ASSUMPTIONS: (1) Steady-state, (2) Saturated liquid/vapor conditions, (3) Negligible heat transfer 
from bottom of chip. 


PROPERTIES: Fluorocarbon (prescribed): T sat = 57°C, c p , = 1100 J/kg-K, h fg = 84,400 J/kg, pp = 
1619.2 kg/m 3 , p v = 13.4 kg/m 3 , a = 8.1 x 10 3 kg/s 2 , /dp = 440 x 10 6 kg/m s, Pr^ = 9.01, kp = 0.054 
W/m-K, V p = /dp /pp = 0.272 x 10' 6 m 2 /s. 

ANALYSIS: (a) With q " = 0.9 q^ax an d critical heat flux given by Eq. 10.7, the chip power 
dissipation is 

-il/4 


q = 0.9LcX0.149h fg p, 


eg (P/-Pv) 


Pv 


q = 0.9(0.02m)-x0.149(84,400j/kg)l3.4kg/nr 


0.008lkg/s 2 (9.8m/s 2 )(l605.8kg/m 3 ) 
(l3.4kg/m 3 )" 


1/4 


9c 


= 0.9(4x10 4 m 2 jl2 


14x10 4 m 2 ) 1.55x 10 5 w/m 2 = 55.7 W 


With operation at q " = 1.40 x 10 5 W/m in the nucleate boiling region, Eq. 10.5 yields 


T T sat +- 


c s,f h fg Pl > 


6 „ A 1/3 

q 


T = 57 C 


0.005 (84,400 j/kg) (9.0l) 


v ^ h fg j 
1.7 


g (Pi~Pv). 


1/6 


1100 J/kg • K 


( 5/2 4 

1.40x10 W/ m 

1/3 

0.0081kg/s 2 

^ 4.4 x 10“ 4 kg/m • s x 84,400 j/kg y 


9.8 m/s' (l605.8kg/m 3 j 


1/6 


Continued... 











PROBLEM 10.69 (Cont. 


T = 57°C + 22.4°C = 79.4°C < 

(b) The power dissipated by the chip must be balanced by the rate of heat transfer from the condensing 
section. Hence, with A = 7tDL, Eq. 10.32 yields the requirement that 


h L L = 


55.7 W 


rcD(T sat -T s ) 7t(0.03 m)(32°C) 


= 18.5 W/m K 


To determine h L , we combine Eqs. 10.33 and 10.35 to obtain Re g = 4q/p 7 bh( g , where b = 7tD = 0.0942 
mand h' fg =h fg + 0.68c pl (T sat -T s ) = 84,400J/kg+ 0.68(1100J/kg-K)32°C = 108,300 J/kg. Hence, Re 8 

= 4(55.7 W)/4.4 x 10 4 kg/m-s(0.0942 m) 108,300 J/kg = 49.6 and the condensate film is in the laminar- 
wavy region. Hence, from Eq. 10.38 


h L = 


Re s 


( v ?/g) 


1/3 1.08 Re g 22 -5.2 


0.054W/mKx 0.409 

2 / nl/3 

(0.272 x 10“ 6 m 2 /s) /9.8m/s 2 


= 1130 W/m 2 - K 


in which case, 


L = 


18.5 W/m K 
1130 W/m 2 -K 


= 0.0164m = 16.4mm 


COMMENTS: The chip operating temperature (T = 79.4°C) is not excessive, and the proposed scheme 
provides a compact means of cooling high performance chips. 



PROBLEM 10.70 


KNOWN: Copper plate, 2m x 2m, in a condenser-boiler section maintained at T s = 100°C separates 
condensing saturated steam and nucleate-pool boiling of saturated liquid X. 

FIND: (a) Rates of evaporation and condensation (kg/s) for the two fluids and (b) Saturation temperature 
T sat and pressure p for the steam, assuming that film condensation occurs. 

SCHEMATIC: 




ASSUMPTIONS: (1) Steady-state conditions, (2) Isothermal copper plate. 

PROPERTI E S: Fluid-X (Given, 1 atm): T sa , = 80°C, h fg = 700 kJ/kg, portion of boiling curve shown 
above for operating condition, AT e = T s — T sat = (100 - 80)°C = 20°C, = 5 x 10 4 W/m 2 ; Table A.4, 

Water (saturated, 1 atm): T sat = 100°C, h fg = 2.25 x 10 6 J/kg; Water (saturated, T sat ): as required in part 
(b); Water (saturated, T f = (T sat + T s )/2): as required in part (b). 

ANALYSIS: (a) For fluid-X, with AT e = T s - T sat = (100 - 80)°C = 20 K, the heat flux from the boiling 
curve is 

= 50,000 w/ m 2 

and the heat rate from the copper plate section into liquid-X is 

Os = 0 s x A s = 50,000w/m 2 x(2x2)irC = 200,000 W 

From an energy balance around liquid-X, the evaporation rate for fluid-X is 

m x =q s / h fg,X = 200,000 W/700,000 J/kg =0.286 kg/s < 

The heat rate into the copper plate section from the steam is q s = 200,000 W, and from an energy balance 
around the condensate film, the condensation rate for steam (w) 

m w =q s /hf g , w =200,000w/2.25xl0 6 j/kg=0.0889kg/s 

where we are assuming that T sat , w is only a few degrees above T s so that hfg' ~ hfg . 


(b) The condensation heat rate, Eq. 10.32 can be expressed as 

0s = A s (T sa t - T s ) 

and assuming laminar film condensation, Eq. 10.30, 


h L = 0.943 


SPf (Pf - Pv ) k / h f 


fg 


Pfai (^"sat T s ) 


1/4 


Continued... 





PROBLEM 10.70 (Cont.) 

Recognize that with q s , A s and T s known, this relation can be used to determine T sat , and from the steam 
table, the corresponding p sat can be found. The vapor properties (v) are evaluated at T sat while the liquid 
properties ( l ) are evaluated at the film temperature T f = (T sa , + T s )/2. An iterative solution is required, 
beginning by assuming a value for T sat , evaluate properties and check whether the rate equation returns 
the assumed value for T sat . Using the IHT Correlations Tool , Film Condensation , Vertical Plate for the 
laminar region, the results are 

Tsat = 381.7 K p sat = 1.367 bar 

for which Reg = 661, so that the flow is wavy-laminar, not laminar. Repeating the analysis but with the 
IHT Tool for the laminar , wavy-laminar, turbulent regions, the results with Reg = 652 are 

Tsat = 379.6 K P sat = 1.27 bar < 

COMMENTS: A copy of the IHT model for determining T sat and p sa , for part (b) is shown below. 

// Correlations Tool - 

//Film Condensation, Vertical Plate, laminar, wavy-laminar, turbulent regions 

NuLbar = NuL_bar_FCO_VP(Redelta,Prl) // Eq 10.37, 38, 39 
NuLbar = hLbar * (nul A 2 / g) A (1/3) / kl 

g = 9.8 // Gravitational constant, m/s A 2 

Ts = 100 + 273 // Surface temperature, K 

Tsat = 380 // Saturation temperature, K; explore over range to match q 

// The liquid properties are evaluated at the film temperature, Tf, 

Tf = Tfluid_avg(Ts,Tsat) 

// The condensation and heat rates are 

q = hLbar * As * (Tsat - Ts) // Eq 10.32 

As = L * b // Surface Area, m A 2 

mdot = q / h'fg // Eq 10.33 

h'fg = hfg + 0.68 * cpI * (Tsat - Ts) // Eq 10.26 

// The Reynolds number based upon film thickness is 

Redelta = 4 * mdot / (mul * b) // Eq 10.35 

/* Correlation description: Film condensation (FCO) on a vertical plate (VP). If Redelta<29, laminar 
region, Eq 10.37 . If 31<Redelta<1750, wavy-laminar region, Eq 10.38 . If Redelta>=1850, turbulent 
region, Eq 10.22, 10.32, 10.33, 10.35, 10.39. In laminar-wavy and wavy-turbulent transition regimes, 
function interpolates between laminar and wavy, and wavy and turbulent correlations. See Fig 10.15 . */ 

// Assigned Variables: 

L = 2 // Plate height, m 

b = 2 // Plate width, m 

//q = 200000 // Pleat rate, W; required heat rate for suitable Tsat 

// Properties Tool - Water: 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

xl = 0 //Quality (0=sat liquid or 1=sat vapor) 

pi = psat_T("Water", Tf) // Saturation pressure, bar 

vl = v_Tx(”Water",Tf,xl) // Specific volume, m A 3/kg 

rhol = rho_Tx("Water",Tf,xl) // Density, kg/m A 3 

cpI = cp_Tx("Water",Tf,xl) // Specific heat, J/kg-K 

mul = mu_Tx(”Water",Tf,xl) // Viscosity, N-s/m A 2 

nul = nu_Tx("Water",Tf,xl) // Kinematic viscosity, m A 2/s 

kl = k_Tx("Water",Tf,xl) // Thermal conductivity, W/m-K 

Prl = Pr_Tx("Water",Tf,xl) // Prandtl number 

// Water property functions :T dependence, From Table A.6 

// Units: T(K), p(bars); 

xv = 1 //Quality (0=sat liquid or 1=sat vapor) 

pv = psat_T("Water", Tsat) // Saturation pressure, bar 

vv = v_Tx(”Water",Tsat,xv) // Specific volume, m A 3/kg 

rhov = rho_Tx("Water",Tsat,xv) // Density, kg/m A 3 

hfg = hfg_T(”Water",Tsat) // Pleat of vaporization, J/kg 

cpv = cp_Tx("Water",Tsat,xv) // Specific heat, J/kg-K 

muv = mu_Tx("Water",Tsat,xv) // Viscosity, N-s/m A 2 

nuv = nu_Tx("Water",Tsat,xv) // Kinematic viscosity, m A 2/s 

kv = k_Tx("Water",Tsat,xv) // Thermal conductivity, W/m-K 

Prv = Pr_Tx("Water",Tsat,xv) // Prandtl number 



PROBLEM 10.71 


KNOWN: Thin-walled container filled with a low boiling point liquid (A) at T satjA . Outer surface of 
container experiences laminar-film condensation with the vapor of a high-boiling point fluid (B). 

Laminar film extends from the location of the liquid-A free surface. The heat flux for nucleate pool 
boiling in liquid-A along the container wall is given as q n pb = C(T S - T sat ) , where C is a known 

empirical constant. 

FIND: (a) Expression for the average temperature of the container wall, T s ; assume that the properties of 
fluids A and B are known; (b) Heat rate supplied to liquid-A, and (c) Time required to evaporate all the 
liquid-A in the container, assuming that initially the container is filled, y = L. 

SCHEMATIC: 



ASSUMPTIONS: (1) Nucleate pool boiling occurs on the inner surface of the container with liquid-A, 
(2) Laminar film condensation occurs on the outer surface of the container with fluid-B over the liquid-A 
free surface, y, and (3) Negligible wall thermal resistance. 

ANALYSIS: (a) Perform an energy balance on the control surface about the container wall along 
locations experiencing boiling (A) and condensation (B) as shown in the schematic above. 

Ein~E ou t=0 (1) 

Ocond — Onpb = 0 (2) 

hy (;rDy)(T sat B — T s )-(?rDy)c|T s — T sat j = 0 

hy (Tsat.B ~T S ) = C(T S — T sat a ) (3)^ 

where hy is the average convection coefficient for laminar film condensation over the surface length 0 
toy. FromEq. 10.30 and 10.26, 


Continued... 



PROBLEM 10.71 (Cont.) 


h y =0.943 


o 

SPi {p£ ~ Pv )k^hfg 

Pi (^sat ~T S ) y 


1/4 


B 


hfg - hfg,B + 0.68Cp ? g (T sa t g T s ) 


(3) 

(4) 


where the properties are for fluid-B. 

(b) The heat flux supplied to liquid-A is, from Eq. (2), qcond = Onpb • Since hy is a function of y, T s 
and, hence, the heat fluxes will be functions of y, the height of liquid A in the container. 

(c) To determine the dry-out time, t f , begin with an energy balance on the inside of the container (fluid- 
A). The heat transfer supplied to liquid-A results in an evaporation rate of liquid-A, 

qnpb(^Dy)-^ h fg =0 (4) 

where M is the mass of liquid-A in the container, 

M = PZ, A(^D 2 / 4 )y (5) 


Substituting Eq. (5) into (4), separating variables and identifying integration limits, find 



( 6 ) 


The definite integral could be numerically evaluated using values for T s (y) obtained by solving Eq. (3). 



PROBLEM 11.1 

KNOWN: Initial overall heat transfer coefficient of a fire-tube boiler. Fouling factors following one 
year’s application. 

FIND: Whether cleaning should be scheduled. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible tube wall conduction resistance, (2) Negligible changes in h c and h^. 
ANALYSIS: From Equation 11.1, the overall heat transfer coefficient after one year is 


— +—+Rf i + Rf o 

4 h 


Since the first two terms on the right-hand side correspond to the reciprocal of the initial overall 
coefficient, 


— =---+ (0.0015 + 0.0005) m 2 ■ K / W = 0.0045 m 2 ■ K / W 

U 400 W / m 2 ■ K 


U = 222 W / m 2 ■ K. 

COMMENTS: Periodic cleaning of the tube inner surfaces is essential to maintaining efficient fire- 
tube boiler operations. 



PROBLEM 11.2 


KNOWN: Type-302 stainless tube with prescribed inner and outer diameters used in a cross-flow heat 
exchanger. Prescribed fouling factors and internal water flow conditions. 

FIND: (a) Overall coefficient based upon the outer surface, U 0 , with air at T 0 =15°C and velocity V 0 = 
20 m/s in cross-flow; compare thermal resistances due to convection, tube wall conduction and fouling; 
(b) Overall coefficient, U 0 , with water (rather than air) at T 0 = 15°C and velocity V Q = 1 m/s in cross- 
flow; compare thermal resistances due to convection, tube wall conduction and fouling; (c) For the 
water-air conditions of part (a), compute and plot U 0 as a function of the air cross-flow velocity for 5 < 
V 0 < 30 m/s for water mean velocities of u, [U = 0.2, 0.5 and 1.0 m/s; and (d) For the water-water 
conditions of part (b), compute and plot U 0 as a function of the water mean velocity for 0.5 < u ITIJ < 2.5 
m/s for air cross-flow velocities of V Q = 1, 3 and 8 m/s. 


SCHEMATIC: 


Fouling 

factors 



ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed internal flow, 


PROPERTIES: Table A. 1, Stainless steel, AISI302 (300 K): k w = 15.1 W/m-K; Table A.6, Water 
(T m j = 348 K): p; = 974.8 kg/m 3 , p, = 3.746 x 10 4 N-s/m 2 , k, = 0.668 W/m-K, Pr, = 2.354; Table A.4, 

Air (assume f fo = 315K, 1 atm): k 0 = 0.02737 W/m-K, v Q = 17.35 x 10 6 m 2 /s, Pr 0 = 0.705. 


ANALYSIS: (a) For the water-air condition, the overall coefficient, Eq. 11.1, based upon the outer area 
can be expressed as the sum of the thermal resistances due to convection (cv), tube wall conduction (w) 
and fouling (f): 

1/Uo A o = Rtot = R cv,i + R f,i + R w + R f,o + R cv,o 
R cv,i = VA A R cv,o = 1/ho ^o 

R f ,i = R f ,i/A i R f ,o = R f ,o/Ao 

and from Eq. 3.28, 

R w = l n (D q / Dj )/(2;rLk w ) 


The convection coefficients can be estimated from appropriate correlations. 


Continued... 





PROBLEM 11.2 (Cont.) 

Estimating hj: For internal flow, characterize the flow evaluating thermophysical properties at T nu with 
u m,i D i 


Re D,i 


0.5m/sx0.022m 

3.746xl0“ 4 N-s/m 2 /974.8kg/m 3 


28,625 


For the turbulent flow, use the Dittus-Boelter correlation, Eq. 8.60, 

Nu D ,i= 0.023 Re^Ptf 4 

Nu D i = 0.023(28,625)°‘ 8 (2.354) 0 ' 4 =119.1 
hj = Nu D i ki/Dj = 119.1x0.668 w/m 2 ■ K/o.022m = 3616 w/m 2 ■ K 
Estimating h G : For external flow, characterize the flow with 

20 m/s x 0.027m 


Re D,o = 


V 0 D 0 


17.35xl0~ 6 m 2 / 


= 31,124 


evaluating thermophysical properties at T f o = (T s o + T c )/2 when the 
surface temperature is determined from the thermal circuit analysis 
result, 


(Tm,i T 0 )/Rt 0 t - (T s o T 0 )/r cvc 


Assume T f o = 315 K, and check later. Using the Churchill-Bernstein 
correlation, Eq. 7.57, find 


Nud,o = 0.3 + - 


°- 62 Re D 2 o Pr o /3 


1 + (0.4/Pr o ) 


2/3 


1/4 


1 + 


Re P,o 

282,000 


\5/8 


n 4/5 


Nud,o =0.3 + 


0.62(31,124) 1/2 (0.705) 1/3 


1 +(0.4/0.705) 


2/3 


nl/4 


1 + 


f 31,124 ^ 5/8 
282,000 


4/5 


R fj 


f,0 


CV,0 


Nud,o = 102.6 

h G = Nud,o k 0 /D 0 = 102.6x0.02737 W/m- K/0.027m = 104.0 W/m ■ K 
Using the above values for hj, and h Q , and other prescribed values, the thermal resistances and overall 
coefficient can be evaluated and are tabulated below. 


Rcv,i Rf.i R\v Rf,o Rcv.o 

(KPN) (KPN) (KPN) (KPN) (KPN) 

0.00436 0.00578 0.00216 0.00236 0.1134 


U 0 

(W/m 2 -K) 

92.1 


Rtot 

(KPN) 

0.128 


The major thermal resistance is due to outside (air) convection, accounting for 89% of the total 
resistance. The other thermal resistances are of similar magnitude, nearly 50 times smaller than R cv , 0 . 

(b) For the water-water condition, the method of analysis follows that of part (a). For the internal flow, 
the estimated convection coefficient is the same as part (a). For an assumed outer film coefficient, 

Tf 0 = 292 K, the convection correlation for the outer water flow condition V G = 1 m/s and T 0 = 15°C, 
find 



PROBLEM 11.2 (Cont.) 


Re D , 0 = 26,260 Nu Do = 220.6 h 0 = 4914 w/m 2 ■ K 
The thermal resistances and overall coefficient are tabulated below. 

^cv,i Rf,i Rw Rf,o Rcv,o Rtot Uo 

(K/W) (K/W) (K/W) (K/W) (K/W) (K/W) (W/m 2 -K) 

0.00436 0.00579 0.00216 0.00236 0.00240 0.0171 691 

Note that the thermal resistances are of similar magnitude. In contrast with the results for the water-air 
condition of part (a), the thermal resistance of the outside convection process, R cv , 0 , is nearly 50 times 
smaller. The overall coefficient for the water-water condition is 7.5 times greater than that for the water- 
air condition. 


(c) For the water-air condition, using the IHT workspace with the analysis of part (a), U 0 was calculated 
as a function of the air cross-flow velocity for selected mean water velocities. 

Water (i) - air (o) condition 

„ 120 

gj 100 

E 

^ 80 

° 60 

40 

5 10 15 20 25 30 

Air velocity, Vo (m/s) 

—A— Water mean velocity, umi = 0.2 m/s 

- umi = 0.5 m/s 

—e— umi = 1.0 m/s 

The effect of increasing the cross-flow air velocity is to increase U 0 since the R cv o is the dominant 
thermal resistance for the system. While increasing the water mean velocity will increase hj, because 
R cv ,i « R cv ,o. this increase has only a small effect on U 0 . 



(d) For the water-water condition, using the IHT workplace with the analysis of part (b), U 0 was 
calculated as a function of the mean water velocity for selected air cross-flow velocities. 

Water (i) - water (o) condition 



- Air velocity, Vo = 1 m/s 

—©— Vo = 3 m/s 
— A — Vo = 8 m/s 

Because the thermal resistances for the convection processes, R cv ,; and R cv , 0 , are of similar magnitude 
according to the results of part (b), we expect to see U 0 significantly increase with increasing water mean 
velocity and air cross-flow velocity. 





PROBLEM 11.3 


KNOWN: Copper tube with prescribed inner and outer diameters used in a shell-and-tube heat 
exchanger. Conditions prescribed for internal water flow and steam condensation on external surface. 

FIND: (a) Overall heat transfer coefficient based upon the outer surface area, U 0 ; compare thermal 
resistances due to convection, tube wall conduction and condensation, and (b) Compute and plot U 0 , 
water-side convection coefficient, hi, and steam-side convection coefficient, h 0 , as a function of the water 
flow rate for the range 0.2 < lii, < 0.8 kg/s. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Fully developed internal flow. 

PROPERTIES: Table A.l, Copper, pure (300 K): k w = 401 W/m-K; Table A.6, Water (T mj = 298 K): p, 
= 8.966 x 10 4 N s/m 2 , k, = 0.6102 W/m-K, Pr ; = 6.146. Table A.6 , Water, (assume T s , 0 = 351 K, T f , 0 = 
362 K): p f = 965.7 kg/m 3 , c p j = 4205 J/kg-K, p f = 3.172 x 10 4 N-s/m 2 , k /: = 0.6751 W/m-K; Table 

A.6 Water (T sat = 373 K, 1 atm): p v = 0.5909 kg/m 3 , h fg = 2257 kJ/kg. 

ANALYSIS: (a) The overall coefficient, Eq 11.1, based upon the outer surface area can be expressed as 
the sum of the thermal resistances due to convection (cv) , tube wall conduction (w, see Eq. 3.28) and 
condensation (end): 

1/U 0 A 0 =Rtot = R cv + R w +R cnd 


R cv — V^i ^i R w — (D 0 /Di)/(2;rLk w ) R cnd — l/h 0 A 0 

The convection coefficients can be estimated from appropriate correlations. 

Estimating hj: For internal flow, characterize the flow using thermophysical properties evaluated at T m ,; 
with 


Re D,i 


4ihj 


4x0.2kg/s 

Trx0.013mx8.966xl0 -4 N/s-m 2 


21,847 


For turbulent flow, use the Dittus-Boelter correlation, Eq. 8.60, 

Nu D i = 0.023 R e^^ Pn 0 ' 4 = 0.023(21,847)°‘ 8 (6.146)°‘ 4 =140.8 

hj = Nu D i ki/Dj = 140.8x0.6102 W/m■ K/o.013m = 6610w/m 2 ■ K 


Continued... 





PROBLEM 11.3 (Cont.) 


Estimating h Q : For the horizontal tube, average convection coefficient for film condensation, Eq. 10.40, 
is 

3. " 1/4 


h 0 = 0.729 


gPf (Pf-Pv) k f h f 


fg 


Pf (Tfsat T s , 0 )D 0 

hfg = k fg + 0.68Cp ^ (^sat — T s ,o) 

The vapor (v) properties and h fg are evaluated at T sat , while the liquid 
properties ( l ) are evaluated at the film temperature T f o = (T s o - T sat ) 
where the surface temperature is determined from the thermal circuit 
analysis result, 

(^m,i — ^sat )/K t ot = (T s ,o — ^ sat )/^cntl 
Assume T s o = 351 K so that T f o = 362 K, and check later. Hence, 


h 0 = 0.729 


T sai 


's,o 


R 


end 


R 


cv 


' m, i 


9.8m/ s 2 x965.7kg/ m 3 x(965.7-0.5909)kg/m 3 x(0.675lW/m-K) 3 x2321kj/kg 


3.172x10 4 N-s/m z (373-35l)Kx0.018m 


1/4 


h 0 =11,005 w/m 2 -K 

Using the above values for hi, h D and other prescribed values, the thermal resistances and overall 
coefficient can be evaluated and are tabulated below. 


R cv x 10 3 
(K/W) 
3.704 


R w x 10 3 R cnd x 10 3 R tot x 10 3 
(K/W) (K/W) (K/W) 

1.292 1.610 5.444 


(W/m 2 -K) 
3249 


The largest resistance is that due to convection on the water-side. Interestingly, the wall thermal 
resistance for the pure copper, while the smallest for all the process, is still significant relative to that for 
the condensation process. 

(b) The foregoing relations were entered into the IHT workspace along with the Correlations Tools for 
Forced Convection, Internal Flow, Turbulent Flow and for Film Condensation, Horizontal Cylinder with 
the appropriate Properties Tools for Air and Water. The coefficients U 0 , h and h G were computed and 
plotted as a function of the water flow rate. 


Note that the overall coefficient increases nearly 
50% over the range of the water flow rate. The 
water-side coefficient increases markedly, by 
nearly a factor of 4, with increasing flow rate. 
The steam-side coefficient, h Q , is larger than hj 
by a factor of 2 at the lowest flow rate. 

However, h G decreases with increasing water 
flow rate since the tube wall temperature, T s o , 
decreases causing the water film thickness to 
increase with the net effect of reducing h Q . 


25000 
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5T 

| 15000 
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-Overall coefficient, Uo (W/m A 2.K) 




PROBLEM 11.4 


KNOWN: Dimensions of heat exchanger tube with or without fins. Cold and hot side convection 
coefficients. 

FIND: Cold side overall heat transfer coefficient without and with fins. 

SCHEMATIC: 

r With fins 

-D 0 = 26 mm t5 ""\ + * 

h h --200W/m*-K U ^ N=16 


D-,=ZOmm 



ASSUMPTIONS: (1) Negligible fouling, (2) Negligible contact resistance between fins and tube wall, 
(3) h| n is not affected by fins, (4) One-dimensional conduction in fins, (5) Adiabatic fin tip. 


ANALYSIS: From Eq. 11.1, 

1 _ 1 | Dj l n ( Dq f_ Pj) | A c 

U c ( r l 0 h) c 2k (fi 0 hA) h 

Without fins: T| 0 c = 'Ho h = 1 

1 _ 1 (0.02m) In (26/20) 1 20 

U c 8000 W / m 2 ■ K 100W/mK 200W/m 2 K26 

1/U C =(l.25xl0 _4 +5.25xl0 _5 + 3.85xl0 -3 )m 2 ■ K/W = 4.02x 10 -3 m 2 K/W 

U c = 249 W / m 2 ■ K. < 

Withfins: T| 0 c = 1, T| 0 ^ = 1 —(Af / A) (l — T|f ) Per unit length along the tube axis, 

Af = N (2Lf +t) =16(30 +2)mm =512 mm 

= Af +(7t D 0 -16t) =(512+ 81.7 -32)mm =561.7 mm 


With m = (2h/kt) 1/2 =(400W/m 2 K/50W/m Kx0.002mJ 1/2 =63.3m 1 

mLf =(63.3m _1 )(0.015m) = 0.95 
andEq. 11.4 yields 

r| f = tanh (mL f )/mL f =0.739/0.95 = 0.778. 

The overall surface efficiency is then 

ti 0 = l-(A f /A h )(l-r| f ) = 1 — (512/561.7)(1 — 0.778) =0.798. 


Hence 



f 

1.25x 10 -4 + 5.25xl0 -5 

v 


n ( 20 ) " 

0.798(200)561.7 


K/W = 8.78xlO _4 m 2 K/W 


U c = 1138 W / m 2 ■ K. 


< 



PROBLEM 11.5 


KNOWN: Geometry of finned, annular heat exchanger. Gas-side temperature and convection 
coefficient. Water-side flowrate and temperature. 

FIND: Heat rate per unit length. 

SCHEMATIC: 


h-lOOV^Im^-K 

, J J 1 , f ,,,,,,,,,,, t / 


T m ,h=aooK L 

Water 


rn c =0.161kg js 

7m,c = 300K 



. T) >>))>> ) >>)>>>>>)>> f 'f 
k - SO \N/m K 


D 0 = 60 mm 

D[ i = 24 mm 

D[ 2 = 30 mm 

t = 3 mm = 0.003m 

L = (60-30)/2 mm = 0.015m 


ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) One-dimensional 
conduction in strut, (4) Adiabatic outer surface conditions, (5) Negligible gas-side radiation, (6) Fully- 
developed internal flow, (7) Negligible fouling. 

PROPERTIES: Table A-6, Water (300 K): k = 0.613 W/mK, Pr = 5.83, p = 855 x 10" 6 N s/m 2 . 


ANALYSIS: The heat rate is 

q = (UA) c ^ -T m c ) 

where 

l/(UA) c =l/(hA) c +R W +l/(ri 0 hA) h 


R w - 


Md^/Du) In (30/24) 


27tkL 27t (50 W / m K)lm 


= 7.10xl0 _4 K/W. 


With 


Re D =- 


4m 


4x0.161kg/s 


n Dflf 1 7t (0.024m) 855xlO -6 N • s /m 2 
internal flow is turbulent and the Dittus-Boelter correlation gives 

f 0.613 W/mK 3 


= 9990 


h c =(k/D ia )0.023ReJ) /5 Pr a4 


0.024m 


0.023 (9990) 475 (5.83) a4 =1883 W/m z K 


0.4 


< hA F 1= ( 


1883 W/m z Kx7tx0.024m 


r 


7.043x10 J K/W. 


Find the fin efficiency as 

Tlo = 1 - (Af / A) (l -T)f ) 

Af =8x2 (L w) =8x2(0.015mxlm) = 0.24m 2 
A = Af +(71 Dj 2 -8tjw = 0.24m 2 +(7t x0.03m-8 x0.003m) =0.31m 2 . 



PROBLEM 11.5 (Cont.) 


From Eq. 11.4, 


T|f = 


tanh (mL) 


mL 


where 


m = [2h/kt] 1/2 = 2x100 W/ m z ■ K/5OW/m K(0.003m) 


1/2 


= 36.5m 


-1 


mL = (2h/kt) 1/2 L = 36.5m _1 x0.015m = 0.55 


tanh 


(2h/kt) 1/2 L 


0.499. 


Hence 


T| f =0.800/1.10 = 0.907 

r( 0 =l-(A f /A)(l-ri f ) = l-(0.24/0.3l)(l-0.907) = 0.928 
(r^hA)” 1 =(o.928xlOOW/m 2 Kx0.31m 2 ) 1 = 0.0347K/W. 

Hence 

(UA)” 1 = (7.043X 10 -3 + 7. lxlO -4 +0.0347) K / W 
(UA) c = 23.6 W / K 


q = 23.6 W/K(800-300)K = 11,800 W < 

for a lm long section. 

COMMENTS: (1) The gas-side resistance is substantially decreased by using the fins (Af » 7iDj 2 ) 
and q is increased. 

(2) Heat transfer enhancement by the fins could be increased further by using a material of larger k, 
but material selection would be limited by the large T m h- 



PROBLEM 11.6 


KNOWN: Condenser arrangement of tube with six longitudinal fins (k = 200 W/m-K), Condensing 
refrigerant temperature at 45 °C flows axially through inner tube while water flows at 0.012 kg/s and 
15°C through the six channels formed by the splines. 


FIND: Heat removal rate per unit length of the exchanger. 

SCHEMATIC: 



Dz=14rttm 

D s =50mm 

-f- =2 mm 


ASSUMPTIONS: (1) No heat loss/gain to the surroundings, (2) Negligible kinetic and potential 
energy changes, (3) Negligible thermal resistance on condensing refrigerant side, h; —> °o, (4) Water 
flow is fully developed, (5) Negligible thermal contact between splines and inner tube, (6) Heat 
transfer from outer tube negligible. 

PROPERTIES: Table A-6, Water (T c = 15°C = 288 K): p = 1000 kg/m 3 , k = 0.595 W/m-K, v = p/p 
= 1138 x 10' 6 N-s/m 2 /1000 kg/m 3 = 1.138 x 10" 6 m 2 /s, Pr = 8.06; Tube fins (given): k = 200 W/m-K. 


ANALYSIS: Following the discussion of Section 11.2, 
q' = UA'(T h -T c ) 


/ — R h + R w +R c — R w + 


UA 




% 


r t JL 

-J+ O-^WNA-O-vWV'-O— 

^ Rconvj ^ 


%spl 

rwwi 


Hi 


Tc 

l—o 


Lj yWVA J 

R-conv.o 


where = 0, due to the negligible thermal resistance on the refrigerant side (h), and 


R w = 


ln^/Dj) ln(l4/10) 


= 2.678x10 ^m-K/W. 


2;rk 2?r(200 W/m-K) 

To estimate the thermal resistance on the water side (c), first evaluate the convection coefficient. The 
hydraulic diameter for a passage, where A c is the cross-sectional area of the passage is 


4A r 

Dh,c _ 


K |d 2 -D 2 j/4-6(D 3 -D 2 )t/2 


/6 


D h,c 


P (^D 2 -6t)/6 + (^D3-6t)/6 + 2(D3-D 2 )/2 

tt( 50 2 -14 2 )/4-6(50-14) xl0~ 6 m 2 /6 


[(l47r-6x2)/6 + (507T-6x2)/6 + (50-14)]xl0~ 3 m 


4x2.656xl0“ 4 m 2 


Dh c = 

6.551xl0 _z, m 
Hence the Reynolds number is 


= 0.01622 m. 


Continued 





PROBLEM 11.6 (Cont.) 


Re D,c 


(0.012 kg/s/6)/(l000kg/m 3 x2.656xl0 -4 m 2 ) x0.01622m 


1.138xl0 -6 m 2 /s 


and assuming the flow is fully developed, 
h c Dh r 

Nu D ,c=^^ = 3.66 

h c =3.66x0.595 W/m-K/0.01622 = 134 W/m 2 ■ K. 

The temperature effectiveness of the splines (fins) on the cold side is 

*7o=l-^(l-?7f) 

A c 

where Af c and A c are, respectively, the finned and total (fin plus prime) surface areas, while 

tanh(mL) 


m = (2h c /kt) 1/2 = ^2x134 W/m 2 k|/( 200 W/m-KxO.002m) = 25.88m -1 

tanh|25.88m -1 x0.018mj q 4348 


25.88 m -1 x 0.018m 0.4658 


: 0.934. 


Hence 


77o = 1 — - 6(C>3 ° 2) --[1-J7f ] 

6(D 3 -D 2 ) + (;rD 2 -6t) L ,tJ 

7] 0 = 1 — - - 6 ^°~' 4 ' > -- (1 - 0.934) = 0.943 

° 6(50-14) + (14tt -6x2) v ’ 


'7o hA c 0.943xl34W/m 2 -K[6(50-14)+(l4^-6x2)]xl0“ 


= 3.22x10 “m-K/W 


and the heat rate is 


T h -T c 

R' w +l/ft 0 hA') f 


(45-15)K 


= 924 W/m. 


2.678x10 ^m-K/W+ 3.22x10 Z m-K/W 

COMMENTS: (1) The effective length of the fin representing the splines was conservatively 
estimated. The heat transfer by conduction through the splines to the outer tube and then by 
convection to the water was ignored. 

(2) Without the splines, find = (D 3 -D 2 ) = 36 mm so that h c = 60.5 W/irf K. The heat rate with 
= ;tD 2 is 

q / = (hA / c )(T h -T c ) = 60.5 W/m 2 ■ K(0.014tt m)(45-15)K = 79 W/m. 


The splines enhance the heat transfer rate by a factor of 924/79 = 11.7. 



PROBLEM 11.7 


KNOWN: Number, inner-and outer diameters, and thermal conductivity of condenser tubes. 
Convection coefficient at outer surface. Overall flow rate, inlet temperature and properties of water 
flow through the tubes. Flow rate and pressure of condensing steam. Fouling factor for inner surface. 

FIND: (a) Overall coefficient based on outer surface area, U 0 , without fouling, (b) Overall 
coefficient with fouling, (c) Temperature of water leaving the condenser. 


SCHEMATIC: 



Water 

m-i = m c /N = 0.40 kg/s 
T mJ =15°C 


rh h = 10 kg/s ^ 


Condensate 

h 0 = 10,000 W/m 2 -K 

Tube wall 
Dj = 25 mm 
D 0 = 28 mm 
k = 110 W/m-K 

Film 

Rf i = 10- 4 m 2 -K/W 


ASSUMPTIONS: (1) Negligible flow work and kinetic and potential energy changes for water flow, 
(2) Fully-developed flow in tubes, (3) Negligible effect of fouling on Dj. 

PROPERTIES: Water (Given): c p = 4180 J/kg-K, /a = 9.6 x 10~ 4 N s/m 2 , k = 0.60 W/m-K, Pr = 6.6. 
Table A-6, Water, saturated vapor (p = 0.0622 bars): T sat = 310 K, hf g = 2.414 X 10 6 J/kg. 

ANALYSIS: (a) Without fouling, Eq. 11.5 yields 
D r 


1 

1 

Uo 

h i 


D; 


D 0 ln(Do/Di) 1 


2k 


t 


With Re D , = 4rrq I = 1.60kg/s/^;rx0.025mx9.6x10 4 N • s/m 2 j = 21,220, flow in the tubes is 

turbulent, and from Eq. 8.60 

, , - __ ( 0.60W/m-K ^ 

h i = 


Di 


0.023 Re 475 Pr 0 ' 4 = 


0.025m 


0.023(21,200) 4/5 (6.6) u ^ = 3400W/m z -K 


0.4 


U 0 = 


1 

4 28 ^ 

0.028 In (28/25) 1 

3400 

v25y 

2 x110 10,000_ 


-1 


( 3 ‘ 


29x10 4 + 1.44x10 5 + 10 4 


r 


W /m • K = 


W/rn 2 - K = 2255W/m 2 - K 


(b) With fouling, Eq. 11.5 yields 

-4 


U G = 


4.43xl0 -4 + (Do/Di)Rf j * = (5.55xl0~ 4 ) ' = 


:1800W/m z -K 


(c) The rate at which energy is extracted from the steam equals the rate of heat transfer to the water, 
m h h f g = m c c p (T m 0 - T m>i ), in which case 

->6 


T = T 
1 m,o 1 m,i 


+ H h f g = isoc + 10kg/sx2.414xl0 u J/kg = ^ ^ 


m c Cp 400 kg/sx 4180 J/kg-K 

COMMENTS: (1) The largest contribution to the thermal resistance is due to convection at the 
interior of the tube. To increase U G , hi could be increased by increasing liq, either by increasing m c 

or decreasing N. (2) Note that T m o = 302.4 K < T sat = 310 K, as must be the case. 




PROBLEM 11.8 

KNOWN: Diameter and inner and outer convection coefficients of a condenser tube. Thickness, outer 
diameter, and pitch of aluminum fins. 

FIND: (a) Overall heat transfer coefficient without fins, (b) Effect of fin thickness and pitch on overall 
heat transfer coefficient with fins. 

SCHEMATIC: 



-* h 0 = 100 W/m 2 -K 

ASSUMPTIONS: (1) Negligible tube wall conduction resistance, (2) Negligible fouling and fin contact 
resistance, (3) One-dimensional conduction in fin. 

PROPERTIES: Table A.l, Aluminum (T = 300 K): k = 237W/m-K. 


ANALYSIS: (a) With no fins, Eq. 11.1 yields 


- 1,-1 
M + h o 


j = ^2x10 4 +0.0l) w/ 


nr 2 - K = 98.0 W/ nr 2 - K 


(b) With fins and a unit tube length, Eqs. 11.1 and 11.3 yield 

1 1 1 

- —-^- - 

Ui^rDj hj^Dj t7 0 h 0 A 0 

and T | 0 = 1 - (Af /A' 0 )(l-r/f ). The total fin surface area per unit length is Af = N'2^ - - \ j, 

where the number of fins per unit length is N’ = lnr/S(m). The total outside surface area per unit length 
is Aq = Af + (1 - N t ) 7 tDj, and the fin efficiency is given by Eq. 3.91 or Fig. 3.19. 


For t = 0.0015 m and S = 0.0035 m, r oc = (Do/2) + (t/2) = 0.01075 m, N' » 286, Af = 0.163 m 2 /m, and 
A' 0 = (0.163 + 0.018) m 2 /m = 0.181 m 2 /m. With r oc /r, = 2.15, L c = 0.00575 m, A p = 8.625 x 10' 6 m 2 , and 

'Mil i \ 1/2 

L c ( h o/ kA p) =0.0964,Fig. 3.19 yields 0.99. Hence, r( 0 - 1 - (0.163/0.181)(0.01) = 0.99 
and 

Ui =[(l/h i ) + (^D i /r ?0 h 0 A^)] _1 

Uj = 2xl0 _4 m 2 -K/W + ^x0.01m/o.99xlOOw/m 2 -Kx0.181m 2 /m 1 =512w/m 2 -K< 

We may use the IHT Extended Surface Model ( Performance Calculations for a Circular Rectangular Fin 
Array ) to consider the effect of varying t and S. To maximize N", the minimum allowable value of 


Continued... 




PROBLEM 11.8 (Cont.) 


S -1 = 1.5 mm should be selected. It is then a matter of choosing between a large number of thin fins or a 
smaller number of thicker fins. Calculations were performed for the following options. 


t (mm) 

S (mm) 

N' 

U; (W/m 2 

1 

2.5 

400 

640 

2 

3.5 

286 

512 

3 

4.5 

222 

460 

4 

5.5 

182 

420 


Since heat transfer increases with U;, the best configuration corresponds to t = 1 mm and S = 2.5 mm, 
which provides the largest airside surface area. 


COMMENTS: The best performance is always associated with a large number of closely spaced fins, 
so long as the flow between adjoining fins is sufficient to maintain the convection coefficient. 



PROBLEM 11.9 


KNOWN: Operating conditions and surface area of a finned-tube, cross-flow exchanger. 
FIND: Overall heat transfer coefficient. 

SCHEMATIC: 


Cross - flow fixer 
(both fluids 
uvmixed) %,i 


i A -10m z 




Tr 


C.O 


T h .=325°C 

\ 0 -i5o°c 



m h =2kg/s 

iflat*- 051 * 1 * 


ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties, (4) Exhaust gas properties are those of air. 

PROPERTIES: Table A-6, Water (T m = 87°C): c p = 4203 J/kg ■ K; Table A-4, Air 

(T m ~ 275°C): c p = 1040 J/kg ■ K. 

ANALYSIS: From the energy balance equations 

q = mcc p , c (T C)0 - ) = 0.5kg/sx4203J/kg K (150-25)°C= 2.63xl0 5 W 


Th,o=T h ,i—2—= 325»C- 

m h c p,h 


2.63x10 s W 
2kg/sxl040J/kg K 


198.6°C. 


Hence 


U = q/AAT to 
From Fig. 11.12, with 

P 


where 


AT (m = FAT 


6 n,CF- 


t 0 - tj _ 150-25 _ . .. D _ Tj - T 0 _ 325 -198.6 


Ti-ti 325-25 


0.42, R 


to 0 


150-25 


1.01, F = 0.94 


(325-150)-(198.6-25) 

AT> m , CF = --- = 174.3°C. 


in 


325-150 

198.6-25 


Hence 


U = 


2.63xl0 J W 


AFAT /m,CF 1 Om 2 x0.94x174.3 °C 


= 160 W / m 2 ■ K. 


< 


COMMENTS: From the e - NTU method, C c = 2102 W/K, C h = 2080 W/K, (C niin /C max ) - 1, q tmx = 
6.24 x 10 5 W and £ = 0.42. Hence, from Fig. 11.18, NTU » 0.75 and U » 156 W/m 2 -K. 



PROBLEM 11.10 


2 

KNOWN: Heat exchanger with two shell passes and eight tube passes having an area 925m ; 45,500 
kg/h water is heated from 80°C to 150°C; hot exhaust gases enter at 350°C and exit at 175°C. 

FIND: Overall heat transfer coefficient. 

SCHEMATIC: 




ASSUMPTIONS: (1) Negligible losses to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties, (4) Exhaust gas properties are approximated as those of atmospheric 
air. 

PROPERTIES: Table A-6, Water (T c =(80 + 150)°C/2= 388K): c = c pi = 4236 J/kg-K. 

ANALYSIS: The overall heat transfer coefficient follows from Eqs. 11.9 and 11.18 written in the 
form 


U = q/AFAT^ mCF 

where F is the correction factor for the HXer configuration, Fig. 11.11, and AT (, m p-p is the log mean 
temperature difference (CF), Eqs. 11.15 and 11.16. From Fig. 11.11, find 

p T M -T h , 0 (350-175)°C ^ p T c ,„ -T c-i (150-80)°C Q ^ 

T c .o-T c ,i (150-80)°C ' T h-i -T Cii (350-80)°C 

findF = 0.97. The log-mean temperature difference, Eqs. 11.15 and 11.17, is 

AX _ ATj-AT 2 _ (350-i50)°C-(175-80)°C _ Hi ^ 

,|n ' CI <n(AT|/AT 2 ) In [(350-150)/(175-80)] 

From an overall energy balance on the cold fluid (water), the heat rate is 

q = ir^ c c (T c o - T c i j 

q = 45,500kg/hxlh/3600sx4236 J/kg-K (150-80)°C = 3.748 x10 6 W. 

2 

Substituting values with A = 925 m , find 

u = 3.748X 10 6 W/925m 2 x0.97x 141.IK = 29.6 W / m 2 ■ K. < 

COMMENTS: Compare the above result with representative values for air-water exchangers, as 
given in Table 11.2. Note that in this exchanger, two shells with eight tube passes, the correction 
factor effect is very small, since F = 0.97. 




PROBLEM 11.11 


KNOWN: Dimensions and thermal conductivity of tubes with or without annular fins. Convection 
coefficients associated with condensation and natural convection at the inner and outer surfaces, 
respectively. 

FIND: (a) Overall heat transfer coefficient Ui for aluminum and copper tubes without fins, (b) Value 
of Uj associated with adding aluminum fins. 

SCHEMATIC: 



g h 0 = 10 W/m 2 -K 

ASSUMPTIONS: (1) Negligible fouling and fin contact resistances, (2) One-dimensional 
conduction in fins. 


ANALYSIS: (a) For unfinned, aluminum tubes of unit length, Eq. 11.5 yields 
1 _ 1 Dj ln(Do/Di) 1 ( Dj ' 

Uj hj 2k h Q D 0 


Uj = 


1 O.Ollln (13/11) if 11 3 
.5000 2x180 10^ 13 j. 


-1 


= ^2x10 4 +5.1x10 6 +846x10 4 ) = 11.8W/m 2 -K< 


,-6 2 . 


,-6 


For copper the tube conduction resistance is reduced from 5.1x10 m K/W to 2.3 x 10 , but Ui is 
essentially unchanged. 

Uj = 11.8W/m 2 K < 

(b) With fins and a unit tube length, Eqs. 11.1 and 11.3 yield 
1 _ 1 Dj ln(Do/Di) % Dj 


Uj hj 2k 77 0 h 0 A 0 

and? 7 0 = 1 - (Af / Aq )(l -). The fin surface area is Af = N'27 t ^r f 2 - r 2 j and the total outer surface 


area is Af = Af + (l - N't);rD 0 . With t = 0.001m, % = rf + t/2 = (0.0125 + 0.0005)m = 0.0130m and 
Af = 300m _1 (27 t)|o.0130 2 - 0.0065 2 jm 2 = 0.239m and Af = 0.239m+ (l-0.300);r(0.013m) 


=0.268m. With i‘ 2 c = rf + t/2 = 0.013m, L c = (rf - r G ) + t/2 = 0.0065m, r 2 c /r 0 = 2, A p = L c t = 3.25 x 
10' 6 m 2 , and L 3/2 (h G /kA p )' /2 = 0.0685, Fig. 3.19 yields r/ f = 0.97. Hence, r) 0 = 1 - (0.239/0.268) 


(0.03) - 0.973, and 


Ui = 


1 0.0111n(l3/ll) ^xO.Oll 

5000 + 360 + 0.973x10x0.244 


= (2x10“ 4 + 5.1x10“ 6 +145x 10“ 4 ) ^eg.OW/m 2 ^ < 

COMMENTS: There is significant advantage to installing fins on the outer surface, which has a 
much smaller convectiom,coefficient. The thermal resistance at the outer surface has been reduced 
from 0.0846 to 0.0145 irf-K/W and could be reduced further by increasing Df and/or N'. However, 
the spacing between adjoining fins must not be so small as to restrict buoyancy driven flow in the 
associated air space. 



PROBLEM 11.12 


KNOWN: Properties and flow rates for the hot and cold fluid to a heat exchanger. 

FIND: Which fluid limits the heat transfer rate of the exchanger? 

ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, and (3) Negligible losses to 
the surroundings and kinetic and potential energy changes. 


ANALYSIS: The properties and flow rates for the hot and cold fluid 

to the heat exchanger are 

tabulated below. 




Cold fluid 

Hot fluid 

3 

Density, kg/m 

997 

1247 

Specific heat, J/kg-K 

4179 

2564 

Thermal conductivity, W/m-K 

0.613 

0.287 

Viscosity, N-s/m 

8.55 x 10" 4 

1.68 x 10' 4 

Flow rate, m 3 /h 

14 

16 


The fluid which limits the heat transfer rate of the exchanger is the minimum fluid, 

Cmin = Dill ■ c|] For the hot and cold fluids, find 

C h = m h c h = 16 m 3 /hxl247 kg/m 3 x2564 J/kg-Kx[lh/3600sJ = 14.21 kW/K 

C c =m c c c = 14m 3 /hx997kg/m 3 x4179 J/kg■ Kxllh/3600sJ = 16.20kW/K 
Hence, the hot fluid is the mi nim um fluid, 

^min — Cft ^ 

For any exchanger, the heat rate is q = e q max , where e depends upon the exchanger type. The 
maximum heat rate is q max = C mm (T| ia - T ca ). Hence, it is the conditions for the minimum fluid that 
limit the performance of the exchanger. 



PROBLEM 11.13 


KNOWN: Process (hot) fluid having a specific heat of 3500 J/kg-K and flowing at 2 kg/s is to be 

cooled from 80°C to 50°C with chilled-water (cold fluid) supplied at 2.5 ks/g and 15°C assuming an 

2 

overall heat transfer coefficient of 2000 W/m K. 

FIND: The required heat transfer areas for the following heat exchanger configurations; (a) 
Concentric tube (CT) - parallel flow, (b) CT - counterflow, (c) Shell and tube, one-shell pass and 2 tube 
passes; (d) Cross flow, single pass, both fluids unmixed. Use the IHT Tools I Heat Exchanger models 
as your solution tool. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible losses to the surroundings and kinetic 
and potential energy changes, (3) Overall heat transfer coefficient remains constant with different 
configurations, and (4) Constant properties. 

ANALYSIS: The IHT Tools I Heat Exchanger models are based upon the effectiveness-NTU 
method and suited for design-type problems. The table below summarizes the results of our analysis 
using the IHT models including model equations, figures, and the required heat transfer area. The cold 
fluid outlet temperature for all configurations is T c 0 = 35.1°C. The IHT code for the concentric tube, 
parallel flow heat exchanger is provided in the Comments. 


Heat exchanger type 

Eqs. 

Figs 

A(m) 

(a) CT -Parallel flow 

11.29b 

11.14 

3.09 

(b) CT -Counterflow 

11.30b 

11.15 

2.64 

(c) Shell and tube (1 - sp, 2 - tp) 

11.31b 

11 .10, 16 

2.83 

(d) Crossflow (1 - p, unmixed) 

11.33 

11 .12, 18 

2.84 


COMMENTS: (1) Referring to the tabulated results, note that for the concentric tube exchangers, 
the area required for parallel flow is 17% larger than for counterflow. Under what circumstances 
would you choose to use the PF arrangement if the area has to be significantly larger? 

(2) The shell-tube and crossflow exchangers require nearly the same heat transfer area. What are 
other factors that might influence your decision to select one type over the other for an application? 

(3) Based upon area considerations only, the CF arrangement requires the smallest heat transfer area. 

2 

What practical issues need to be considered in making a CF heat exchanger with a 2.6 m area? 


Continued 







PROBLEM 11.13 (Cont.) 


(4) The IHT code used for the concentric tube, parallel flow heat exchanger is shown below. Note the 
use of the water property function, cp_Tx, and the intrinsic function, Tfluidavg, to provide the specific 
heat at the mean water (cold fluid) temperature. 

/” Results - energy balance only 

Cc Ch Tco cc q Tci Thi Tho ch 

1.045E4 7000 35.1 4180 2.1 E5 15 80 50 3500*/ 

/” Results of sizing 

A CR NTU eps 

3.87 0.6699 0.882 0.4615 */ 

II Design conditions 

Thi = 80 
Tho = 50 
mdoth = 2 
ch = 3500 
mdotc = 2.5 
Tci = 15 
U = 2000 

// For the parallel-flow, concentric-tube heat exchanger, 

// For the parallel-flow, concentric-tube heat exchanger, 

NTU = -ln(1 - eps * (1 + Cr))/(1 + Cr) // Eq 11,29b 

// where the heat-capacity ratio is 
Cr = Cmin/Cmax 

// and the number of transfer units, NTU, is 

NTU = U * A/Cmin // Eq 11.25 

// The effectiveness is defined as 

eps = q/qmax 

qmax = Cmin * (Thi - Tci) // Eq 11.20 

// See Tables 11.3 and 11.4 and Fig 11.14 

// Energy balances 

q = Cc * (Tco - Tci) 
q = Ch * (Thi - Tho) 

Cc = mdotc * cc 
Ch = mdoth * ch 
Cmin = Ch 
Cmax = Cc 

// Water property functions 

// Units: T(K), p(bars): 
xc = 0 

cc = cp_Tx(“Water”, Tcm.xc) 

Tern = Tfluid_avg(Tci, Tco) 


: T dependence, From Table A.6 

// Quality (0=sat liquid or 1-sat vapor) 

// Specific heat, J/kg-K 

// Mean temperature; K; intrinsic function 



PROBLEM 11.14 


KNOWN: A shell and tube Hxer (two shells, four tube passes) heats 10,000 kg/h of pressurized 
water from 35°C to 120°C with 5,000 kg/h water entering at 300°C. 

FIND: Required heat transfer area, A s . 


SCHEMATIC: 



U=1500W/m*K 
5000kg/h 

m c -10,000kg/h 


ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties. 

PROPERTIES: Table A-6, Water (T c = 350K) : c p = 4195 J/kg-K; Table A-6, Water (Assume T^ 0 
- 150°C, T h « 500 K): c p = 4660 J/kg-K. 

ANALYSIS: The rate equation, Eq. 11.14, can be written in the form 

A s = q / UAT£ m ( 1 ) 

and from Eq. 11.18, 

AT/m = FAT fm,CF where AT^ m?CF = ^T 0 )‘ (2,3) 

From an energy balance on the cold fluid, the heat rate is 

q = m c c D c (T c 0 — T c ;) = 10,000 k g /h X 4 i 95 _!_(120-35)K = 9.905 xlO 5 W. 
c p,cv c,o c,ij 3600s/h kg-K > 

From an energy balance on the hot fluid, the outlet temperature is 

T h o= T hi-q/m h c nh = 300°C -9.905 xlO 5 W/^^x4660—= 147°C. 
n, o 11,1 n p ’ n 3600 s kg-K 

From Fig. 11.11, determine F from values of P and R, where P = (120 - 35)°C/(300 - 35)°C = 0.32, R 
= (300 - 147)°C/(120-35)°C = 1.8, and F ~ 0.97. The log-mean temperature difference based upon a 
CF arrangement follows from Eq. (3); find 

AT tm = [(300-120) - (147 - 35)] K Itn = 143.3K. < 

A s =9.905xl0 5 W/1500W/m 2 -Kx0.97xl43.3K = 4.75m 2 < 

COMMENTS: (1) Check ~ 500 K used in property determination; = (300 + 147)°C/2 = 497 K. 


(2) Using the NTU-e method, determine first the capacity rate ratio, C mm /C max = 0.56. Then 
c _ 0 _ C max ( T c,o ~ T c,i) _ 1 ^ (120-35)°C _ q 

“flmax Cjjjjn (T h j _ T C i ) 0.56 (300-35)°C 

From Fig. 11.17, find that NTU = AU/C mm = 1.1 giving A s = 4.7 m 2 . 



PROBLEM 11.15 


KNOWN: The shell and tube Hxer (two shells, four tube passes) of Problem 11.14, known to have an 

2 

area 4.75m , provides 95°C water at the cold outlet (rather than 120°C) after several years of 
operation. Flow rates and inlet temperatures of the fluids remain the same. 

FIND: The fouling factor, Rf. 

SCHEMATIC: 

K s -4-.75m z 

t>m h 

- w c ~10.000kgjh 




ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties, (4) Thermal resistance for the clean condition is R( = (1500 

W/m 2 K)"'. 

PROPERTIES: Table A-6, Water (T c = 338 K): c p = 4187 J/kg-K; Table A-6, Water (Assume T h o 
- 190°C, T h - 520 K): c p = 4840 J/kg-K. 

ANALYSIS: The overall heat transfer coefficient can be expresses as 

U = 1/(R( +Rf) or Rf=l/U-Rt (1) 

where R'' is the thermal resistance for the clean condition and R(-, the fouling factor, represents the 

additional resistance due to fouling of the surface. The rate equation, Eq. 11.14 with Eq. 11.18, has the 
form, 

U = q/4FAT, m>CF AT ta , CF = (AT|-AT 2 )/ta(AT 1 /AT 2 ). (2) 

From energy balances on the cold and hot fluids, find 

q = m c Cp 5C (T c o -T c i ) = (10,000/3600 kg/s)4187 J/kg ■ K(95 -35)K= 6.978xl0 5 W 

T h,o = T h,i -q/mhCp, h =300°C-6.978xl0 5 W/(5000/3600kg/sx4840J/kg -K) =196.2°C. 

The factor, F, follows from values of P and R as given by Fig. 11.11 with 

P = (95 -35)/ (300 -35) = 0.23 R = (300-196)/ (120-35) =1.22 

giving F « 1. Based upon CF arrangement, 

AT (m,CF = [ ( 30 ° - 95) - (196 - 35)] °C / [(300 - 95) / (196.2 - 35)] = 182K. 

Using Eq. (2), find now the overall heat transfer coefficient as 

U = 6.978xl0 5 W/4.75m 2 xlxl82K = 806 W/m 2 -K. 

From Eq. (1), the fouling factor is 

Rf= --—y--—x-= 5.74xlO _4 m 2 -K/W. < 

806 W / m 2 K 1500 W / m 2 K 

COMMENTS: Note that the effect of fouling is to nearly double (U c i ean /Uf ou i ec i = 1500/806 = 1.9) 
the resistance to heat transfer. Note also the assumption for Th,o used for property evaluation is 
satisfactory. 



PROBLEM 11.16 


KNOWN: Inner tube diameter (D = 0.02 m) and fluid inlet and outlet temperatures corresponding to 
design conditions for a concentric tube heat exchanger. Overall heat transfer coefficient (U = 500 
W/m” K) and desired heat rate (q = 3000 W). Cold fluid outlet temperature after three years of operation. 

FIND: (a) Required heat exchanger length, (b) Heat rate, hot fluid outlet temperature, overall heat 
transfer coefficient, and fouling factor after three years. 


SCHEMATIC: 



T h , 0 = 140 ° c 


T c ,i = 20 °C 


ASSUMPTIONS: (1) Negligible heat loss to the surroundings and kinetic and potential energy changes, 
(2) Negligible tube wall conduction resistance, (3) Constant properties. 


ANALYSIS: (a) The tube length needed to achieve the prescribed conditions may be obtained from Eqs. 
11.14 and 11.15 where ATj = T hji - T c , 0 = 80°C and AT 2 = T h , 0 - T c>i = 120°C. Hence, AT lm = (120 - 
80)°C/ln( 120/80) = 98.7°C and 


L = 


3000 W 


(ttD ) UAT lm x 0.02 m) 500 w/m 2 - K x 98.7° C 


= 0.968 m 


(b) With q = C c (T c?0 - T Cji ), the following ratio may be formed in terms of the design and 3 year 
conditions. 


q _ Q 

E? 

1 

o 

P/ 

) _ 60° C _ 

93~C c ( 

E? 

1 

o 

3 _ 45°C ~ 


1.333 


Hence, 


q 3 = q/1.33 = 3000 W/1.333 = 2250 W 


Having determined the ratio of heat rates, it follows that 

q Ch (Th i — Th 0 ) 20° C 


® C h (T ha -T h . 0 ) 3 160°C-T h>o(3) 

Hence, 

T h , o( 3 ) =160 o C-20°c/l.333 = 145 o C 
With AT lm<3 =(125-95)/ln(125/95) = 109.3°C, 
93 


= 1.333 


U 3 = 


2250W 


(7rDL)AT lm 3 ^(o.02m)0.968m(l09.3°c) 


= 338 W/ m ■ K 


< 


< 

< 


Continued... 



PROBLEM 11.16 (Cont.) 


With U=[(l/hi) + (l/h 0 )] 1 and u 3 =[(l/hi) + (l/ho) + Rf,c] ‘ 


m 2 K/W =9.59x10 4 m 2 K/W 

COMMENTS: Over time fouling will always contribute to a degradation of heat exchanger 
performance. In practice it is desirable to remove fluid contaminants and to implement a regular 
maintenance (cleaning) procedure. 


Rf C =-= 

,c Ua u 


1 


1 


338 500 



PROBLEM 11.17 


KNOWN: Counterflow, concentric tube heat exchanger of Example 11.1; maintaining the outlet oil 
temperature of 60°C, but with variable rate of cooling water, all other conditions remaining the same. 

FIND: (a) Calculate and plot the required exchanger tube length L and water outlet temperature T c 0 
for the cooling water flow rate in the range 0.15 to 0.3 kg/s, and (b) Calculate U as a function of the 
water flow rate assuming the water properties are independent of temperature; justify using a constant 
value of U for the part (a) calculations. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible losses to the surroundings and kinetic 
and potential energy changes, (3) Overall heat transfer coefficient independent of water flow rate for 
this range, and (4) Constant properties. 

PROPERTIES: Table A-6, Water (T c = 35°C = 308 k): c p = 4178 J / kg ■ K, J U = 725xlO' 6 

N s/m 2 , k = 0.625 W/m-K, Pr = 4.85, Table A-4, Unused engine oil (Tp = 353 K): 
c p =2131 J/kg-K. 


ANALYSIS: (a) The NTU-e method will be used to calculate the tube length L and water outlet 
temperature T c o using this system of equations in the IHT workspace: 

NTU relation, CF hxer, Eq. 11.30b 

NTU = — _ C r =C max /C m | n (1,2) 

NTU = U ■ A / C min (3) 

A = K Dj ■ L (4) 

Capacity rates, find minimum fluid 

c h =m h c h =0.1 kg /sx 2131 J/kg-K = 213.1 W/K 

C c = m c c c = (0.15 to 0.30)kg / s x 4178 J / kg ■ K = 626.7 -1253 W / K (5) 

Cmin ~ Cp ( 6 ) 


Effectiveness and maximum heat rate, Eqs. 11.19 and 11.20 

£ — q /q max 

Omax ~ Cjnp^Tp j — T c j) = C c ^Tp a — T c ,i j 


(7) 

(8) 


Continued 





PROBLEM 11.17 (Cont.) 


^ — C^Thi T^o) (9) 

With the foregoing equations and the parameters specified in the schematic, the results are plotted in 
the graphs below. 


The effect of water flow rate on outlettemperature 


The effect of water flow rate on required exchanger length 




(b) The overall coefficient can be written in terms of the inner (cold) and outer (hot) side convection 
coefficients, 

U = l/(l/hj +l/h Q ) (10) 

2 

From Example 11.1, h 0 = 38.4 W/m K, and hj will vary with the flow rate from Eq. 8.60 as 


jjr 

II 

O' 

• / • )°‘ 8 
m i /m i,bj 


(11) 

where the subscript 

are tabulated. 

b denotes the base case when thj 

= 0.2 kg / s. 

From these equations, the results 

m c (kg/s) 

hi(w/m 2 K) h Q 

(w/m 2 -K) 

U (w/m 2 -K) 

015 

1787 

38.4 

37.6 

0.20 

2250 

38.4 

37.8 

0.25 

2690 

38.4 

37.9 

0.30 

3112 

38.4 

37.9 


Note that while hj varies nearly 50%, there is a negligible effect on the value of U. 

COMMENTS: Note from the graphical results, that by doubling the flow rate (from 0.15 to 0.30 
kg/s), the required length of the exchanger can be decreased by approximately 6%. Increasing the 
flow rate is not a good strategy for reducing the length of the exchanger. However, any increase in 
the hot-side (oil) convection coefficient would provide a proportional decrease in the length. 





PROBLEM 11.18 


2 

KNOWN: Concentric tube heat exchanger with area of 50 m with operating conditions as shown on 
the schematic. 

FIND: (a) Outlet temperature of the hot fluid; (b) Whether the exchanger is operating in counterflow 
or parallel flow; or can’t tell from information provided; (c) Overall heat transfer coefficient; (d) 
Effectiveness of the exchanger; and (e) Effectiveness of the exchanger if its length is made very long 

SCHEMATIC: 


Operating conditions 
Concentric tube HXer, A = 50 m 2 

Hot fluid (h) Cold fluid (c) 

Capacity rate, kW/K 6 3 

Inlet temperature, °C 60 30 

Outlet temperature, °C - 54 



= 30°C 


ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential 
energy changes, and (3) Constant properties. 

ANALYSIS: From overall energy balances on the hot and cold fluids, find the hot fluid outlet 
temperature 

9 = Q: (T c , 0 ~T C i) = C h (T hii — Tjj 0 ) (1) 


3000 W/K (54-30)K = 6000(60-T h o ) T h o =48°C < 


(b) HXer must be operating in counterflow (CF) since Th, 0 < Tc,o- See schematic for temperature 
distribution. 

2 

(c) From the rate equation with A = 50 m , with Eq. (1) for q, 


0 — C c (T c>0 T c i) — UAAT(? m 

AT _ ATj - AT 2 _ (60-54)K-(48-30)K 
fm(AT 1 /AT 2 ) in (6/18) 

3000 W/K(54-30)K = Ux50 m 2 xl0.9K 

U = 132 W/m 2 K 


( 2 ) 

(3) 

< 


(d) The effectiveness, from Eq. 11.20, with the cold fluid as the minimum fluid, C c = C mim 

q _ C c (T c ,„-T cj ) _ (54-30)K _ o; < 

W (60-30)K 

(e) For a very long CF HXer, the outlet of the minimum fluid, C m j n = C c , will approach T^;. That is, 

0 ^min (T c ,o — T c ,i) —> q max £ = 1 < 






PROBLEM 11.19 


KNOWN: Specifications for a water-to-water heat exchanger as shown in the schematic including 
the flow rate, and inlet and outlet temperatures. 

FIND: (a) Design a heat exchanger to meet the specifications; that is, size the heat exchanger, and (b) 
Evaluate your design by identifying what features and configurations could be explored with your 
customer in order to develop more complete, detailed specifications. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential 
energy changes, (3) Tube walls have negligible thermal resistance, (4) Flow is fully developed, and 
(5) Constant properties. 

ANALYSIS: (a) Referring to the schematic above and using the rate equation, we can determine the 
value of the UA product required to satisfy the design requirements. Sizing the heat exchanger 
involves determining the heat transfer area, A (tube diameter, length and number), and the associated 
overall convection coefficient, U, such that U x A satisfies the required UA product. Our approach 
has five steps: (1) Calculate the UA product: Select a configuration and calculate the required UA 
product; (2) Estimate the area, A: Assume a range for the overall coefficient, calculate the area and 
consider suitable tube diameter(s); (3) Estimate the overall coefficient, U: For selected tube 
diameter(s), use correlations to estimate hot- and cold-side convection coefficients and the overall 
coefficient; (4) Evaluate first-pass design: Check whether the A and U values (U x A) from Steps 2 
and 3 satisfy the required UA product; if not, then (5) Repeat the analysis: Iterate on different values 
for area parameters until a satisfactory match is made, (U x A) = UA. 

To perform the analysis, IHT models and tools will be used for the effectiveness-NTU method 
relations, internal flow convection correlations, and thermophysical properties. See the Comments 
section for details. 

Step 1 Calculate the required UA. For the initial design, select a concentric tube, counterflow heat 
exchanger. Calculate UA using the following set of equations, Eqs. 11.30a, 

l-exp[-NTU(l-C r )] 

1 - C r exp [-NTU (l - C r )] 

NTU = UA/C m j n C r =C m j n /C max (2,3) 

£ = q / q max Omax = Cmin (^h,i ~ T c j ) (4,5) 

where C = mc p , and c p is evaluated at the average mean temperature of the fluid, T m = (T m j + 
T m , 0 )/2. Substituting numerical values, find 

e =0.464 NTU = 0.8523 q = 2.934xl0 6 W T h o =65.0°C 

Continued. 








PROBLEM 11.19 (Cont.) 


UA = 9.62x10 4 W/K < 

Step 2 Estimate the area, A. From Table 11.2, the typical range of U for water-to-water exchangers is 
850 - 1700 W/m 2 K. With UA = 9.619 X 10 4 W/K, the range for A is 57 - 113 m 2 , where 

A = ^Dj LN (6) 

where L and N are the length and number of tubes, respectively. Consider these values of Dj with L = 
10 m to describe the exchanger: 


Case 

Dj (mm) 

L (m) 

N 

A(ml 

1 

25 

10 

73-146 

57-113 

2 

50 

10 

36-72 

57-113 

3 

75 

10 

24-48 

57-113 


Step 3 Estimate the overall coefficient, U. With the inner (hot) and outer (cold) fluids in the 
concentric tube arrangement, the overall coefficient is 

1/U = l/hj +l/h G (7) 

and the h are estimated using the Dittus-Boelter correlation assuming fully developed turbulent flow. 
Coefficient, hot side, hj. For flow in the inner tube, 

4 m h ; 

Re D i = 1 m h = m hi ■ N (8,9) 

^Di^h 

and the correlation, Eq. 8.60 with n = 0.3, is 

— d = = Q Q37 Re 4/5 pj.0.3 (10) 

k 

where properties are evaluated at the average mean temperature, = (T^j + Tj 10 )/2. 

Coefficient, cold side, h Q . For flow in the annular space, D 0 - Dj, the above relations apply where 
the characteristic dimension is the hydraulic diameter, 

Dh , 0 = 4A co /P 0 A C , 0 =^(DS-D i )/4 P 0 =7r(D 0 +Dj) (11-13) 

To determine the outer diameter D 0 , require that the inner and outer fluid flow areas are the same, that 

is, 

A c,i= A c,o 7rD? / 4 = tt |Dq - D? j / 4 (14,15) 

Summary of the convection coefficient calculations. The results of the analysis with L = 10 m are 
summarized below. 


Continued 




PROBLEM 11.19 (Cont.) 


Case 

Di 

(mm) 

N 

A 

(m 2 ) 

h i 

(W/m 2 -K) 

h o 

(W/m 2 -K) 

U 

(W/m 2 -K) 

Ux A 

W/K 

la 

25 

73 

57 

4795 

4877 

2418 

1.39X10 5 

2a 

50 

36 

57 

2424 

2465 

1222 

6.91 x 10 4 

3a 

75 

24 

57 

1616 

1644 

814 

4.61 x 10 4 


For all these cases, the Reynolds numbers are above 10,000 and turbulent flow occurs. 

Step 4 Evaluate first-pass design. The required UA product value determined in step 1 is UA = 9.62 

4 

x 10 W/K. By comparison with the results in the above table, note that the U x A values for cases la 
and 2a are, respectively, larger and smaller than that required. In this first-pass design trial we have 
identified the range of Di and N (with L = 10 m) that could satisfy the exchanger specifications. A 
strategy can now be developed in Step 5 to iterate the analysis on values for Dj and N, as well as with 
different L, to identify a combination that will meet specifications. 

(b) What information could have been provided by the customer to simplify the analysis for design of 
the exchanger? Looking back at the analysis, recognize that we had to assume the exchanger 
configuration (type) and overall length. Will knowledge of the customer’s installation provide any 
insight? While no consideration was given in our analysis to pumping power limitations, that would 
affect the flow velocities, and hence selection of tube diameter. 

COMMENTS: The IHT workspace with the relations for step 3 analysis is shown below, including 
summary of key correlation parameters. The set of equations is quite stiff so that good initial guesses 
are required to make the initial solve. 


/* Results, Step 3 - Di = 

25 mm, N = 

73, L = 

10 m 


A Do U 


UA 

Di 

L 

N 

57.33 0.03536 2418 


1.386E5 

0.025 

10 

73 

FteDi FteDo 


hDi 

hDo 



5.384E4 1.352E4 

4795 

4877 

V 


/* Results, Step 3 - Di = 

50 mm, N = 

36, L = 

10 m 


A Do U 


UA 

Di 

L 

N 

56.55 0.07071 1222 


6.912E4 

0.05 

10 

36 

FteDi FteDo 


hDi 

hDo 



5.459E4 1.371 E4 

2424 

2465 

7 


/* Results, Step 3 - Di = 

75 mm, N = 

24, L = 

10 m 


A Do U 


UA 

Di 

L 

N 

56.55 0.1061 814.8 


4.608E4 

0.075 

10 

24 

FteDi FteDo 


hDi 

hDo 



5.459E4 1.371 E4 

1616 

1644 

7 



ii Input variables 

//Di = 0.050 
Di = 0.025 
//Di = 0.075 
//N = 36 
N = 73 
//N = 24 
L= 10 
mdoth = 28 
Thi_C = 90 

Tho_C = 65.0 // From Step 1 

mdotc = 27 
Tci_C = 34 
Tco_C = 60 


Continued 




PROBLEM 11.19 (Cont.) 


// Flow rate and number of tubes, inside parameters (hot) 

mdoth = N * umi * rhoi * Aci 
Aci = pi * Di A 2 /4 
1 /U = 1 / hDi + 1/hDo 
UA = U * A 
A = pi * Di * L * N 

// Flow rate, outside parameters 

mdotc = rhoo * Aco * umo * N 
Aco = Aci 

Aco = pi * (Do A 2 - Di A 2) / 4 
Dho = 4 * Aco / P 
P = pi * ( Di + Do) 

// Inside coefficient, hot fluid 

NuDi = NuD_bar_IF_T_FD(ReDi,Pri,n) // Eq 8.60 
n = 0.3 // n = 0.4 or 0.3 for Tsi>Tmi or TskTmi 
NuDi = hDi * Di / ki 
ReDi = umi * Di / nui 

/* Evaluate properties at the fluid average mean temperature, Tmi. */ 
Tmi = Tfluid_avg(Thi,Tho) 

//Tmi = 310 

// Outside coefficient, cold fluid 

NuDo = NuD_bar_IF_T_FD(ReDo,Pro,nn) // Eq 8.60 
nn = 0.4 // n = 0.4 or 0.3 for Tsi>Tmi or TskTmi 
NuDo= hDo * Dho / ko 
ReDo= umo * Dho/ nuo 

/* Evaluate properties at the fluid average mean temperature, Tmo. 7 
Tmo = Tfluid_avg(Tci,Tco) 

//Tmo = 310 


(cold) 

// Make cross-sectional areas of equal size 

// hydraulic diameter 

// wetted perimeter of the annular space 


// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 


x = 0 

rhoi = rho_Tx("Water",Tmi,x) 
nui = nu_Tx("Water",Tmi,x) 
ki = k_Tx("Water",Tmi,x) 

Pri = Pr_Tx("Water",Tmi,x) 
rhoo = rho_Tx("Water",Tmo,x) 
nuo = nu_Tx("Water",Tmo,x) 
ko = k_Tx("Water",Tmo,x) 

Pro = Pr_Tx("Water",Tmo,x) 


// Quality (0=sat liquid or 1=sat vapor) 
// Density, kg/m A 3 
// Kinematic viscosity, m A 2/s 
//Thermal conductivity, W/m-K 
// Prandtl number 
// Density, kg/m A 3 
// Kinematic viscosity, m A 2/s 
//Thermal conductivity, W/m-K 
//Prandtl number 


// Conversions 

Thi_C = Thi - 273 
Tho_C = Tho - 273 
Tci_C = Tci - 273 
Tco_C = Tco - 273 



PROBLEM 11.20 


KNOWN: Counterflow concentric tube heat exchanger. 


FIND: (a) Total heat transfer rate and outlet temperature of the water and (b) Required length. 


SCHEMATIC: 




7l:=100°C- 

n,l m <J- 

— m h -0.1kg/$ ^ ~Ojl\J±) 

\ o -b0%^ 

l 

— > rh c = 0.1kgIs < \Wsfer L 

A J_- 

■ -- ^Tc,o 

Concentric tube: 

\.r-30°C 


ll= 60 W/mZK 

D-ZSmm 


ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Negligible thermal resistance due to tube wall thickness. 

PROPERTIES: (given): 



p (kg/m 3 ) 

c p (J/kg-K) 

v (m7s) 

k (W/m-K) 

Pr 

Water 

1000 

4200 

7 x 10' 7 

0.64 

4.7 

Oil 

800 

1900 

1 x 10' 5 

0.134 

140 


ANALYSIS: (a) With the outlet temperature, T c 0 = 60°C, from an overall energy balance on the hot 
(oil) fluid, find 

q = m h c h (T h j — T h 0 ) = 0. Ikg/sxl900 J/kg ■ K (100— 60)°C = 7600 W. < 


From an energy balance on the cold (water) fluid, find 

T c,o = T c,i +q /m c c c =30°C +7600W/0. Ikg/sx4200 J/kg K = 48.1°C. 


(b) Using the LMTD method, the length of the CF heat exchanger follows from 

q = UAAT lmCF = U (n DL) AT lmCF L = q / U (tuD) AT lmCF 


where 


AT lm,CF 


AT!-AT 2 _ (60-30)qC-(100^8.1)«C 
ln(AT 1 /AT 2 ) In (30/51.9) 


L = 7600 W/6 0 W/m 2 K(7t x0.025m)x40.0°C = 40.3m. 


< 


< 


COMMENTS: Using the e-NTU method, find C mm = C h = 190 W/K and C max = C c = 420 W/K. 
Hence 


qmax = Crain (T h ,i -T c j) = 190 W / K(100 - 30) K = 13,300 W 
and e=q/q max = 0.571. With C r = C m i n /C max = 0.452 and using Eq. 11.30b, 


NTU 


UA 1 , 

— In 

r £-i ] 

- 1 In 

f 0.571-1 

C-min C r — 1 

i eCf _ i j 

0.452-1 

v 0.571x0.452-1 J 


a.oo 


so that with A = 7iDL, find L = 40.3 m. 



PROBLEM 11.21 

KNOWN: Counterflow, concentric tube heat exchanger undergoing test after service for an extended 

2 

period of time; surface area of 5 m and design value for the overall heat transfer coefficient of 
U d = 38 W/m 2 -K. 

FIND: Fouling factor, if any, based upon the test results of engine oil flowing at 0.1 kg/s cooled from 
110°C to 66°C by water supplied at 25°C and a flow rate of 0.2 kg/s. 

SCHEMATIC: 



A = 5 m 2 
U d = 38 W/m 2 -K 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible losses to the surroundings and kinetic 
and potential energy changes, (3) Constant properties. 

PROPERTIES: Table A-5, Engine oil (T h = 361 K): c = 2166 J/kg-K; Table A-6, Water 
|t c = 304 K, assuming T c 0 = 36°C j: c = 4178 J/kg-K. 


ANALYSIS: For the CF conditions shown in the Schematic, find the heat rate, q, from an energy 
balance on the hot fluid (oil); the cold fluid outlet temperature, T c o , from an energy balance on the 
cold fluid (water); the overall coefficient U from the rate equation; and a fouling factor, R, by 
comparison with the design value, Ud- 


Energy balance on hot fluid 

q = m h c h (T ha -T h 0 ) = 0.1 kg/ sx2166 J /kg ■ K (110-66)K = 9530 W 

Energy balance on the cold fluid 

q = m c c c (T c>0 - T c j j. 

Rate equation 

q = UAAT<? n CF 


find T c 0 = 36.4° C 


AI >n,CF = 


(Th,i-T c ,o)-(T ho -T ci ) _(ll0-36.4) o C-(66-25)°C_ 


M 


Ki -T c , 0 )/(T h?0 -T c i )] M73-6/41.0] 


= 55.7 C 


9530 W = Ux5 m z x55.7 C 
U = 34.2 W/m 2 -K 

Overall resistance including fouling factor 

U = l/[l/U d +Rf ] 


34.2 W/m z -K = l/ 


1/ 38 W/ m z ■ K + Rf 


Rf = 0.0029 m z ■ K / W 




PROBLEM 11.22 


KNOWN: Prescribed flow rates and inlet temperatures for hot and cold water; UA value for a shell- 
and-tube heat exchanger (one shell and two tube passes). 

FIND: Outlet temperature of the hot water. 


SCHEMATIC: 


#.i -ao°c 


T ci --ZO°C 

>m c -5000kgjh 


UA-11600W/K— 1 J^-.MOOkg/h 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant properties, (3) Negligible 
kinetic and potential energy changes. 

PROPERTIES: Table A-6, Water (T c = (20 + 60)/2 = 40°C » 310 K): e c = c p>f = 4178 J/kg-K; 
Water (T h = (80 +60)/2=70°C=340 K): c h = c p , f = 4188 J/kg-K. 

ANALYSIS: From an energy balance on the hot fluid, the outlet temperature is 

T h,o= T h,i-q/m h c h . (1) 

The heat rate can be written in terms of the effectiveness and q max as 

fl = e qmax = e C rn j ri (T^ j _ T c j j (2) 

where for this HXer, the cold fluid is the mi nim um fluid giving 

flmax = (^h,i ~T c i j 

flmax = (5000/3600)kg/sx4178 J/kg -K (80-20)°C =348.2 kW. 

The effectiveness can be determined from Figure 11.16 with 

UA 11,600 W/K 

NTU =-= ----= 2.0 

Cmin (5000/3600)kg/sx4178J/kg-K 

giving, e = 0.7 for C r = C mm /C max = (5,000 x 4178)/(10,000 x 4188) = 0.499. Combining Eqs. (1) and 
(2), find 

T ho = 80°C- (o.7x 348.2x10%)/ (10,000/3600)kg/sx4188 J/kg- K 

T h ,o = (80- 21.0)°C = 59°C. < 

COMMENTS: (1) From an energy balance on the cold fluid, q = (me ) c (T c>0 - T CJ ), find that T c0 = 
62°C. For evaluating properties at average mean temperatures, we should use T| 1 = (59 + 80)/2 = 
70°C = 343 K and T c = (20 + 62)/2 = 41°C = 314 K. Note from above that we have indeed assumed 
reasonable temperatures at which to obtain specific heats. 

(2) We could have also used Eq. 11.31a to evaluate e using C r = 0.5 and NTU = 2 to obtain e = 0.693. 




PROBLEM 11.23 


KNOWN: Flow rates and inlet temperatures for automobile radiator configured as a cross-flow heat 
exchanger with both fluids unmixed. Overall heat transfer coefficient. 

FIND: (a) Area required to achieve hot fluid (water) outlet temperature, T mo = 330 K, and (b) Outlet 
temperatures, T h , 0 and T c o , as a function of the overall coefficient for the range, 200 < U < 400 W/m“K 
with the surface area A found in part (a) with all other heat transfer conditions remaining the same as for 
part (a). 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings and kinetic and potential energy changes, (2) 
Constant properties. 

PROPERTIES: Table A.6, Water (T h = 365 K): c p , h = 4209 J/kg-K; Table A.4 , Air (f c » 310 K): e p , c 
= 1007 J/kg-K. 

ANALYSIS: (a) The required heat transfer rate is 

q = riih c p,h ( T h,i - T h,o) = °- 05k g/ s ( 4209 J / k g ■ K)70K = 14,732 W . 

Using the £ -NTU method, 

c min = c h =210.45W/K C max = C c = 755.25 W/K . 

Hence, C min /C in: ,x = 0.279 and 

9 max = Cmin (T h ,i -T c>i ) = 210.45 W/K (100 K) = 21.045 W 
£ = q/q m ax = 14,732 W/21,045 W = 0.700 . 

Figure 11.18 yields NTU ~1.5, hence, 

A = NTU(C min /U) = 1.5x210.45 W/K^200w/m 2 ■ k) =1.58m 2 . < 

(b) Using the IHT Heat Exchanger Tool for Cross-flow with both fluids unmixed arrangement and the 
Properties Tool for Air and Water, a model was generated to solve part (a) evaluating the efficiency 
using Eq. 11.33. The following results were obtained: 

A = 1.516m 2 NTU = 1.441 T co =319.5K 

Using the model but assigning A = 1.516 m”, the outlet temperature T h , 0 and T c o were calculated as a 
function of U and the results plotted below. 


Continued... 



PROBLEM 11.23 (Cont.) 


With a higher U, the outlet temperature of the 
hot fluid (water) decreases. A benefit is 
enhanced heat removal from the engine block 
and a cooler operating temperature. If it is 
desired to cool the engine with water at 330 K, 
the heat exchanger surface area and, hence its 
volume in the engine component could be 
reduced. 



- Cold fluid (air), Too (K) 

—e— Hot fluid (water), Tho (K) 

COMMENTS: (1) For the results of part (a), the air outlet temperature is 


T c,o = T c,i+q/ C c = 300K + (14,732 W/755.25 W/K) = 319.5 K . 


(2) For the conditions of part (a), using the LMTD approach, AT ta = 51.2 K, R = 0.279 and P = 0.7. 
Hence, Fig. 11.12 yields F ~ 0.95 and 

A = q/FUAT lm = (14,732W)/ 0.95(200w/m 2 ■ k) 51.2K =1.51m 2 . 


(3) The IHT workspace with the model to generate the above plot is shown below. Note that it is 
necessary to enter the overall energy balances on the fluids from the keyboard. 


// Heat Exchanger Tool - Cross-flow with both fluids unmixed: 

// For the cross-flow, single-pass heat exchanger with both fluids unmixed, 
eps = 1 - exp((1 / Cr) * (NTU A 0.22) * (exp(-Cr * NTU A 0.78) - 1)) // Eq 11.33 

// where the heat-capacity ratio is 
Cr = Cmin / Cmax 

// and the number of transfer units, NTU, is 
NTU = U * A / Cmin //Eq 11.25 

// The effectiveness is defined as 
eps = q / qmax 

qmax = Cmin * (Thi - Tci) // Eq 11.20 

// See Tables 11.3 and 11.4 and Fig 11.18 
// Overall Energy Balances on Fluids: 
q = mdoth * cph * (Thi - Tho) 
q = mdotc * cpc * (Too - Tci) 

// Assigned Variables: 

Cmin = Ch // Capacity rate, minimum fluid, W/K 

Ch = mdoth * cph // Capacity rate, hot fluid, W/K 

mdoth = 0.05 // Flow rate, hot fluid, kg/s 

Thi = 400 // Inlet temperature, hot fluid, K 

Tho = 330 // Outlet temperature, hot fluid, K; specified for part (a) 

Cmax = Cc // Capacity rate, maximum fluid, W/K 

Cc = mdotc * cpc // Capacity rate, cold fluid, W/K 

mdotc = 0.75 // Flow rate, cold fluid, kg/s 

Tci = 300 // Inlet temperature, cold fluid, K 

U = 200 // Overall coefficient, W/m A 2.K 

// Properties Tool - Water (h) 

// Water property functions :T dependence, From Table A.6 
// Units: T(K), p(bars); 

xh = 0 //Quality (0=sat liquid or 1=sat vapor) 

rhoh = rho_Tx("Water",Tmh,xh) // Density, kg/m A 3 
cph = cp_Tx("Water",Tmh,xh) // Specific heat, J/kg-K 

Tmh= Tfluid_avg(Thi,Tho ) 

// Properties Tool - Air(c) 

// Air property functions : From Table A.4 
// Units: T(K); 1 atm pressure 

rhoc = rho_T(''Air",Tmc) // Density, kg/m A 3 

cpc = cp_T("Air",Tmc) // Specific heat, J/kg-K 

Tmc = Tfluid_avg(Tci,Tco) 




PROBLEM 11.24 

KNOWN: Flowrates and inlet temperatures of a cross-flow heat exchanger with both fluids unmixed. 
Total surface area and overall heat transfer coefficient for clean surfaces. Fouling resistance associated 
with extended operation. 

FIND: (a) Fluid outlet temperatures, (b) Effect of fouling, (c) Effect of UA on air outlet temperature. 


SCHEMATIC: 


m c = 5 kg/s 
T ci = 300 K 




h,o 


U -35 W/m 2 -K 

A = 25 m 2 

R” = 0.004 m 2 -K/W 


ASSUMPTIONS: (1) Negligible heat loss to surroundings and negligible kinetic and potential energy 
changes, (2) Constant properties, (3) Negligible tube wall resistance. 


PROPERTIES: Air and gas (given): c p = 1040 J/kg-K. 


ANALYSIS: (a) With C mm = C h = 1 kg/s x 1040 J/kg-K - 1040 W/K and C max = C c = 5 kg/s x 1040 
J/kg-K = 5200 W/K, C min /C max = 0.2. Hence, NTU - UA/C min = 35 W/nr-K(25 m 2 )/1040 w/K = 0.841 
and Fig. 11.18 yields e - 0.57. With C min (T h ., - T CJ ) = 1040 W/K(500 K) = 520,000 W = q max , Eqs. 
(11.21) and (11.22) yield 

T h,o =T h,i- £ q m ax/ c h = 800 K-0.56 (520,000 W)/l040 W/K = 520 K < 

T c,o =T Cji +£q m ax/ C c = 300 K +0.56 (520,000 W)/5 200 W/K = 356 K < 

(b) With fouling, the overall heat transfer coefficient is reduced to 




(0.029 + 0.004) m 2 -K/W 


30.3 W, 


/ 2 v 
m -K 


This 13.4% reduction in performance is large enough to justify cleaning of the tubes. ^ 

(c) Using the Heat Exchangers option from the IHT Toolpad to explore the effect of UA, we obtain the 
following result. 



The heat rate, and hence the air outlet temperature, increases with increasing UA, with T c o approaching a 
maximum outlet temperature of 400 K as UA —> <=o and e —> 1. 

COMMENTS: Note that, for conditions of part (a), Eq. 11.33 yields a value of £ = 0.538, which reveals 
the level of approximation associated with reading £ from Fig. 11.18. 




PROBLEM 11.25 


KNOWN: Cooling milk from a dairy operation to a safe-to-store temperature, T| 1() < 13°C, using 

ground water in a counterflow concentric tube heat exchanger with a 50-mm diameter inner pipe and 

2 

overall heat transfer coefficient of 1000 W/m K. 

FIND: (a) The UA product required for the chilling process and the length L of the exchanger, (b) 
The outlet temperature of the ground water, and (c) the milk outlet temperatures for the cases when 
the water flow rate is halved and doubled, using the UA product found in part (a) 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss to surroundings and kinetic 
and potential energy changes, and (3) Constant properties. 

PROPERTIES: Table A-6, Water (T c = 287 K, assume T c 0 = 18°c): p = 1000 kg / m 3 , 

Cp = 4187 J/kg-K; Milk (given): p = 1030kg/m 3 , c p = 3860 J/kg-K. 

ANALYSIS: (a) Using the effectiveness-NTU method, determine the capacity rates and the 
minimum fluid. 

Hot fluid, milk: 

ihh = Ph^h = 1030 kg/m 3 x250 liter/hxl0" 3 m 3 /liter xl h/3600 s = 0.0715 kg/s 
c h =ril h c h =0.0715 kg/sx 3860 J/kg-K = 276 W/K 
Cold fluid, water: 


C c =m c c c =1000 kg/m 3 x(0.72/3600 m 3 /s)x4187 J/kg-K = 837 W/K 

It follows that C m i n = Ch- The effectiveness of the exchanger from Eqs. 11.19 and 11.21 is 


q (T]pj Tjp 0 j 

(38.6-13)K 

9 max Cjnm 

( T h,i T c,i 

j~ (38.6-10)K ~ 


The NTU can be calculated from Eq. 10.30b, where C r = C m i n /C max = 0.330, 

1 


NTU: 


NTU: 


C r -1 


-in 


f E -1 ^ 


v eC r -ly 


1 


0.330-1 


-in 


0.895-1 


3 


0.895x0.330-1 


= 2.842 


(1) 


( 2 ) 


Continued 





PROBLEM 11.25 (Cont.) 

From Eq. 11.25, find UA 

[UA] = NTU C min =2.842x276 W/K = 785 W/K < 

and the exchanger tube length with A = n DL is 

L = [UA]/ttDU = 785 W/K/tt 0.050 mx 1000 W/nU ■ K = 5.0 m < 

(b) The water outlet temperature, T c Q , can be calculated from the heat rates, 

Ch (Thj — Th,o) = C c (T co — (3) 

276 W / K (38.6 - 13)K = 837 W / K (T c o - 10)K 


T c . 0 = 18.4°C < 

(c) Using the foregoing Eqs. (1 - 3) in the IHT workspace, the hot fluid (milk) outlet temperatures are 
evaluated with UA = 785 W/K for different water flow rates. The results, including the hot fluid 
outlet temperatures, are compared to the base case, part (a). 


Case 


C c (W/K) T co (°C) T h o (°C) 


1, halved flow rate 
Base, part (a) 

2, doubled flow rate 


419 

14.9 

25.6 

837 

13 

18.4 

1675 

12.3 

14.3 


COMMENTS: (1) From the results table in part (c), note that if the water flow rate is halved, the 
milk will not be properly chilled, since T c o = 14.9°C > 13°C. Doubling the water flow rate reduces 
the outlet milk temperature by less than 1°C. 

(2) From the results table, note that the water outlet temperature changes are substantially larger than 
those of the milk with changes in the water flow rate. Why is this so? What operational advantage is 
achieved using the heat exchanger under the present conditions? 

(3) The water thermophysical properties were evaluated at the average cold fluid temperature, 

T c = (T C J + T c o j / 2. We assumed an outlet temperature of 18°C, which as the results show, was a 

good choice. Because the water properties are not highly temperature dependent, it was acceptable to 
use the same values for the calculations of part (c). You could, of course, use the properties function 
in IHT that will automatically use the appropriate values. 



PROBLEM 11.26 


KNOWN: Flow rate, inlet temperatures and overall heat transfer coefficient for a regenerator. 
Desired regenerator effectiveness. Cost of natural gas. 

FIND: (a) Heat transfer area required for regenerator and corresponding heat recovery rate and outlet 
temperatures, (b) Annual energy and fuel cost savings. 

SCHEMATIC: 



ASSUMPTIONS: (a) Negligible heat loss to surroundings, (b) Constant properties. 
PROPERTIES: Table A-6, water (T m «310K): c p =4178J/kgK. 

ANALYSIS: (a) With C r = 1 and e= 0.50 for one shell and two tube passes, Eq. 1 1.31c yields E = 
1.414. With C min = 5 kg/s x 4178 J/kg-K = 20,890 W/K, Eq. 11.31b then yields 


A = — 


c min ln [( E ~ 1 ) / ( E + 1 )] _ 20,890W/K ln(0.17l) 

u ( i + c2) 1/2 2000W/m 2 ■ K !- 414 


:13.05 m" 


With £ = 0.50, the heat recovery rate is then 

q = eC min (T hi -T Cii ) = 679,000W 
and the outlet temperatures are 

T co =T ci+ — = 5°C+ 679 ’ 0Q0W = 37.5°C 
c ’° 0,1 C c 20,890 W/K 

T ho= T hi- —= 7 0°C— 679,Q0QW = 37.5°C 

n ’° na C h 20,890 W/K 

(b) The amount of energy recovered for continuous operation over 365 days is 
AE = 679,000 W x 365 d / yr x 24 h / dx 3600 s/h = 2.14xl0 13 J/yr 
The annual fuel savings S 4 is then 


AExC ng _ 2.14xl0 7 MJ/yrx$0.0075/MJ 


: $178,000/yr 


COMMENTS: (1) With C c = Ch, the temperature changes are the same for the two fluids, (2) A 
larger effectiveness and hence a smaller value of A can be achieved with a counterflow exchanger 
(compare Figs. 11.15 and 11.16 for C r = 1), (c) The savings are significant and well worth the cost of 
the heat exchanger. An additional benefit is that, with Th , 0 reduced from 70 to 37.5°C, less energy is 
consumed by the refrigeration system used to restore it to 5°C. 




PROBLEM 11.27 


KNOWN: Heat exchanger in car operating between warm radiator fluid and cooler outside air. 

—0 2 

Effectiveness of heater is e ~ m a j r ' since water flow rate is large compared to that of the air. For 
low-speed fan condition, heat warms outdoor air from 0°C to 30°C. 

FIND: (a) Increase in heat added to car for high-speed fan condition causing rh. ur to be doubled 

while inlet temperatures remain the same, and (b) Air outlet temperature for medium-speed fan 
condition where air flow rate increases 50% and heat transfer increases 20%. 


SCHEMATIC: 



Fan— 



■m 


-o.z 


air 


LJ->^ 


Low-speed conditions : 

T c! =0 o C } T co -'30°C 


\T hi Q/°t engine coolant. 


ASSUMPTIONS: (1) Negligible heat losses from heat exchanger to surroundings, (2) T^; and T CJ 
remain fixed for all fan-speed conditions, (3) Water flow rate is much larger than that of air. 


ANALYSIS: (a) Assuming the flow rate of the water is much larger than that of air, 
C min = C c =rit a i r Cp C . 

Hence, the heat rate can be written as 


0 _ ec lmax - e ^min (^h,i Tc,i) - £ ■ ritair c p,air (Tj^i T c i ). 
Taking the ratio of the heat rates for the high and low speed fan conditions, find 


q h j _ ( £m air ) hi _ l” 1 ^ ) hi _ { ?/j 

qio (e*air) lo (m“: r 8 ) 


< 


—0 2 

where we have used e ~ m. ur and recognized that for the high speed fan condition, the air flow rate 
is doubled. Hence the heat rate is increased by 74%. 


(b) Considering the medium and low speed conditions, it was observed that, 


Qmed _ | 2 (^air^gcl - ^ 5 

qio ' (maiiOio 

To find the outlet air temperature for the medium speed condition, 


c lmcd 

filo 


ri^fi-Cpx (Tc,o j j 

™air c p,c (Tc,o _ Tc,i 


Imed 



1.5 ihairCp^ (Tc,o 0°Cj 

t^airCpx (30- 0°C) 


T c , 0 = 24°C. 


< 




PROBLEM 11.28 


KNOWN: Counterflow heat exchanger formed by two brazed tubes with prescribed hot and cold 
fluid inlet temperatures and flow rates. 


FIND: Outlet temperature of the air. 


SCHEMATIC: 


JOi-lOmm 


VvaTer 




D* = 30 



r U> 


T.-agr 

1 — rhfr- O.CM-kq/s 
>» 7 C = 0.12 kq/s 


ASSUMPTIONS: (1) Negligible loss/gain from tubes to surroundings, (2) Negligible changes in 
kinetic and potential energy, (3) Flow in tubes is fully developed since L/D^ = 40 m/0.030m = 1333. 

PROPERTIES: 7 able A-6, Water ( T h = 335 K): c h = c p , h = 4186 J/kg-K, p = 453 x 10" 6 N-s/m 2 , k 
= 0.656 W/mK, Pr = 2.88; Table A-4, Air (300 K): e c = c pjC = 1007 J/kg-K, p = 184.6 x 10' 7 N-s/m 2 , k 
= 0.0263 W/mK, Pr = 0.707; Table A-l, Nickel (T = (23 + 85)°C/2 = 327 K): k = 88 W/mK. 


ANALYSIS: Using the NTU - e method, from Eq. 11.30a, 


l-exp[-NTU (l — C r )] 
1-C r exp[-NTU (1- C r )~ 


NTU = UA/C min c =C ■ /C 

111111 ^min 7 ^max* 


(1,2,3) 


Estimate UA from a model of the tubes and flows, and determine the outlet temperature from the 
expression 


e_ C c (T c o T c j j/Cj^H (Tpj T c i). 


Water-side: Re D 


dmp _ 4x0.04 kg/s 

TtDp 7l x0.010mx453xl0 -6 N-s/m 2 


dl,243. 


The flow is turbulent and since fully developed, use the Dittus-Boelter correlation, 

Nu, = h h D/k = 0.023Re^ 8 Pr 0 3 = 0.023(11,243)°‘ 8 (2.88) 0 ' 3 = 54.99 


h h = 54.99x0.656 W / m-K / 0.01m = 3,607 W / m ■ K. 


Air-side: 


Re D = =- 4Xftl20kg/S 7 - T = 275.890. 

TtDp 7rx0.030mxl84.6xl0 _/ N-s/m 2 


The flow is turbulent and since fully developed, again use the correlation 

Nu c =h c D/K = 0.023Re^ 8 Pr 0 ' 4 = 0.023(275,890)°' 8 (0.707)°‘ 4 = 450.9 

h c = 450.9x0.0263 W/m-K/0.030m = 395.3 W/m 2 -K. 

Overall coefficient: From Eq. 11.1, considering the temperature effectiveness of the tube walls and 
the thermal conductance across the brazed region, 

Continued. 
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PROBLEM 11.28 (Cont.) 

1 _ 1 1 1 
UA _ (Ti 0 hA) h + K5: + (Ti 0 hA) c 

where T| 0 needs to be evaluated for each of the tubes. 

2 

Water-side temperature effectiveness: A ^ = 7t D ^ L =7t (0.010m)40m = 1.257m 

■no,h =T lf,h =tanh(mL h )/mL h m = (hhP/kA) 1 ^ =(h h /kt) 1/2 

1/2 

m = ^3607 W/m 2 -K/88W/m- Kx0.002m) = 143.2m _1 

and with = 0.5 7lD h , r) 0 ^ = tanh(143.2 m 1 x 0.5 7t x 0.010m)/143.2 m 1 x 0.5 7t x 0.010 m = 0.435. 

2 

Air-side temperature effectiveness : A c = 7tD e L = 7t(0.030m)40m = 3.770 m 

l o \ 1/2 , 

r|o c =r lf c = t an h(mLc)/mLc m= 1395.3W/m • K/88W/m-Kx0.002mj = 47.39m 

and with L c = 0.5 tiD c , T| 0 c = tanh(47.39 m 1 x 0.5 7t x 0.030m)/47.39 m 1 x 0.5 7t x 0.030m = 0.438. 

Hence, the overall heat transfer coefficient using Eq. (5) is 

11 1 1 
- =- 1 - 1 - 

UA 0.435x3607 W/m 2 -Kxl.257m 2 100 W / m K(40m) 0.438x395.3 W / m 2 ■ Kx3.770m 2 

UA =r5.070xl0 -4 + 2.50 xlO -4 +1.533xl0 -3 ] 1 W/K=437W/K. 


Evaluating now the heat exchanger effectiveness from Eq. (1) with 

c h = mh c h =0.040kg/sx4186 J/kg-K = 167.4 W/K^-C max 
C c = m c c c =0.120kg/sxl007 J/kg K =120.8 W/K ^C m \ n 


| Cf - Qnin 


/C m ax -0.722 


NTU = 


UA _ 437 W/K 
Cmin _ 120.8 W/K 


= 3.62 8 = 


1-exp [-3.62 (1-0.722)] 

_ 1-0.722 exp[-3.62(1 -0.722) 


= 0.862 


and finally from Eq. (4) with C m j n = C c 


0.862: 


C c (T Ci0 -23”C) 
C c (85 -23)°C 


T c ,o = 76.4 °C 


COMMENTS: (1) Using overall energy balances, the water outlet temperature is 

Th,o = T h>i +(C c /C h )(T c>0 - Tij ) = 85°C -0.722 (76.4- 23)°C= 46.4»C. 


(2) To initially evaluate the properties, we assumed that T| 1 ~ 335 K and T c ~ 300 K. From the 

calculated values of T| 10 and T c Q , more appropriate estimates of and T c are 338 K and 322 K, 

respectively. We conclude that proper thermophysical properties were used for water but that the 
estimates could be improved for air. 



PROBLEM 11.29 


KNOWN: Twin-tube counterflow heat exchanger with balanced flow rates, m = 0.003 kg/s. Cold 
airstream enters at 280 K and must be heated to 340 K. Maximum allowable pressure drop of cold 
airstream is 10 kPa. 

FIND: (a) Tube diameter D and length L which satisfies the heat transfer and pressure drop 
requirements, and (b) Compute and plot the cold stream outlet temperature T c o , the heat rate q. and 
pressure drop Ap as a function of the balanced flow rate from 0.002 to 0.004 kg/s. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss to surroundings, (3) Average 
pressure of the airstreams is 1 atm, (4) Tube walls act as fins with 100% efficiency, (4) Fully developed 
flow. 

PROPERTIES: Table A.4, Air(T m =310K, 1 atm) : p = 1.128 kg/m 3 , c p = 1007 J/kg-K, p = 18.93 x 
10 6 m 2 / s, k = 0.0270 W/m-K, Pr = 0.7056. 

ANALYSIS: (a) The heat exchanger diameter D and length L can be specified through two analyses: (1) 
heat transfer based upon the effectiveness-NTU method to meet the cold air heating requirement and (2) 
pressure drop calculation to meet the requirement of 10 kPa. The heat transfer analysis begins by 
determining the effectiveness from Eq. 11.22, since C min = Ci n . ix and C, = 1, 

q C(T co -T ci ) (340-280) K 

£ = ——— = —V-——- = ) -(—= 0.750 (1) 

9 max C(T h>i -T Cji ) (360-280) K 


From Table 11.4, Eq. 11.29b for C r = 1, 
e 0.750 

NTU =-=-= 3 

\-£ 1-0.750 

where NTU, following its definition, Eq. 11.25, is 

ntu = 4A- 


Cmin = ™ c p = 0.003 kg/sx 1007 j/kg • K = 3.021 K/W 


( 2 ) 

(3) 

(4) 


Continued... 


PROBLEM 11.29 (Cont.) 

and l/UA represents the thermal resistance between the two fluids at T mh and T, n c as illustrated in the 
above-right schematic. Since the tube walls are isothermal, it follows that 

l/UA = l/h c A + l/h h A (5) 

and since the flow conditions are nearly identical h c = h| 1 so that 


U = 0.5h 

where the heat transfer area is 
A = jtDL 

Hence, Eq. (3) can now be expressed as 

_ 0.5h (7tDL) 

3.021 K/W 

hDL = 5.7697 

Assuming an average mean temperature T m c = 310 K , characterize the flow with 
_ 4m 4x0.003 kg/s 201.78 

Re q —-—- j- — - 

7rxDxl8.93xl0 -6 m“/s D 


( 6 ) 

(7) 


( 8 ) 

(9) 


and assuming the flow is both turbulent and fully developed using the Dittus-Boelter correlation, Eq. 
8.57, with n = 0.4, 

Nu D = — = 0.023 Re^ 8 Pr 0 ' 4 
k 


hD = 0.023x0.0270 W/m K(201.78/D)°' 8 (0.7056)' 
hD 18 =0.0377 

The pressure drop for fully developed flow, Eq. 8.22a, is 

Ap = f^“L 
2D 

where the mean velocity is u m = m/(p7tD 2 /4) so that 


0.4 


Ap = f 


4p [mjpuTT |l 


2D 


o 2 2 t 

2 m p L 

“12 n 5 

n D 


A P = — f 


(0.003 kg/s) 2 (l. 128 kg/m 3 )L 


= 2.3206x10 6 fLD 5 


D“ 


( 10 ) 

( 11 ) 


( 12 ) 


Recall that the pressure drop requirement is Ap = 10 kPa = 10 4 N/m ’, so that Eq. (12) can be rewritten 
as 


fLD 5 = 4.3092xlO 10 


(13) 


Continued... 



PROBLEM 11.29 (Cont.) 


For the Reynolds number range, 3000 < Re D < 5 xlO 6 , Eq. 8.21 provides an estimate for the friction 
factor, 

f =[(0.790fn(Re D )-1.64)]“ 2 

f =[(0.790fn (201.78/D)-1.46)]“ 2 (14) 

In the foregoing analysis, there are 4 unknowns (D, L, f, h) and 4 equations (8, 10, 13, 14). Using the 
IHT workspace, find 

D = 8.96mm L = 3.52m f= 0.02538 h = 182.9 w/m 2 • K 

For this configuration, Re D = 22,520 so the flow is turbulent and since L/D = 3.52/0.00896 = 390 » 10, 
the fully developed assumption is reasonable. 

(b) The foregoing analysis entered into the IHT workspace was used to determine T c 0 , q and Ap as a 
function of the balanced flow rate, m. 



0.002 0.003 0.004 0.002 0.003 0.004 

Flow rate, mdot (kg/s) Flow rate, modt (kg/s) 


345 

2 " 

o 340 

o 
H 

335 

0.002 0.003 0.004 

Flow rate, mdot (kg/s) 

The outlet temperature of the cold air, T c 0 , is nearly insensitive to the flow rate. It follows that the heat 
rate, q, must be nearly proportional to the flow rate as can be seen in the q vs. m plot above. The 
pressure drop varies with the mean velocity squared. 







PROBLEM 11.30 


KNOWN: Dimensions and thermal conductivity of twin-tube, counterflow heat exchanger. Contact 
resistance between tubes. Air inlet conditions for one tube and pressure of saturated steam in other 
tube. 

FIND: Air outlet temperature and condensation rate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat exchange with surroundings, (2) Negligible kinetic and 
potential energy and flow work changes, (3) Fully developed air flow, (4) Negligible fouling, (5) 
Constant properties. 

PROPERTIES: Table A-4, air (T c » 325 K, p = 5 atm): c p - 1008 J/kg-K, /j, = 196.4 x 10' 7 

N s/m 2 , k = 0.0281 W/m-K, Pr = 0.703. Table A-6, sat. steam (p = 2.455 bar): T h ,i = T h;0 = 400 K, 
h f g = 2183 kJ/kg. 


ANALYSIS: With C max -» °o, C r = 0 and Eqs. 11.22 and 11.36a yield 

£ = T~°lT ,i =1 — eX P(— NTU ) (1) 

*h,i l c ,i 

FromEq. 11.1, 

1 1 R' t 1 

- — 7-1^-f 7-7— (2) 

UA (j, 0 hA) c L (r, 0 hA) h 

With Rejy = 4m/;rDi J u =0.12 kg/s/^(0.05m)l96.4xl0 7 N-s/rrU =38,900, the air flow is 
turbulent and the Dittus-Boelter correlation yields 


h fD - 


V D i J 


4/5 0 4 

0.023 Rep Pr = 


0.0281 W/m-K 
0.05m 


0.023(38,900) 4/5 (0.703) a4 =52.7 W/m 2 • K 


0.4 


As shown on the inset, each tube wall may be modelled as two fins, each of length Lf ~ n Dj/2 = 

2 

0.0785m. The total surface area for heat transfer is A t = n D;L = 0.785 m = A c , which is equivalent 

to the surface area of the fins. With NAf = A t from Eq. 3.102, T| 0 = T|f. Because the outer surface of 

1/2 

the tube is insulated, a wall thickness of 2t must be used in evaluating T|f. With m = (2h/k x 2t) = 

(h/kt) 1/2 = [52.7 W/m 2 -K/(60 W/m-K x 0.004m)] 1/2 = 14.8 m \ L c = L f for an adiabatic tip, and mL f = 
1.163, Eq. 3.89 yields 

tanh mLf 


m 


mLf 


0.821 

1.163 


: 0.706: 


: 0o,t 
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PROBLEM 11.30 (Cont.) 


Similarly, for the steam tube, m = (h/kt) 1/2 = [5,000 W/m”K/(60 W/m-K x 0.004m)] 1/2 = 144.3 m 1 
and mLf= 11.33. Hence, 

tanh mLf 1.00 .. co 
’ l!= ~^f L= u33 = n °- h 

Substituting into Eq. (2), 


UA: 


_1_ OOl _1_ 

0.706x52.7x0.785 5 0.088x5000x0.785 


-1 


W W 

— = 25.6 — 
K K 


Hence, with C min =(mc p ) = 0.03 kg/sxl008 J/kg■ K = 30.2 W/K, NTU = UA/C min = 
0.847 and £ = 1 - exp (-NTU) = 0.571. From Eq. (1), the air outlet temperature is then 

Tc,o=T c ,i+e(T h ,i-T cp ) = 17°C + 0.571(127-17)°C = 79.8°C < 

The rate of heat transfer to the air is 


q = mc p (T c 0 -T c j) = 0.03kg/sxl008 J/kg ■ Kx62.8°C = 1900W 
and the rate of condensation is 


rikond — , 

h fg 


1900W 

2.183x10^ J/kg 


8.70xl0“ 4 kg/s 


< 


COMMENTS: (1) With T c = 321.4K, the initial estimate of 325K is reasonable and iteration on 

the property values is not necessary, (2) The major contribution to the total thermal resistance 
is due to air-side convection, (3) The foregoing results are independent of air pressure. 



PROBLEM 11.31 


KNOWN: Tube inner and outer diameters and longitudinal and transverse pitches for a cross-flow heat 
exchanger. Number of tubes in transverse plane. Water and gas flow rates and inlet temperatures. 
Water outlet temperature. 

FIND: (a) Gas outlet temperature and number of longitudinal tube rows, (b) Effect of gas flowrate and 
inlet temperature on fluid outlet temperatures. 

SCHEMATIC: 

X \7 C 0 = 350K (Part a) 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties, (4) Negligible fouling. 

PROPERTIES: Table A.6, Water (T c = 320 K: c p = 4180 J/kg-K, p = 577 x 10 6 N-s/m 2 , k f = 0.640 
W/m-K, Pr = 3.77; Table A.4 , Air (T h - 550 K): c p = 1040 J/kg-K, p = 288.4 x 10 7 N-s/m 2 , k = 0.0439 
W/m-K, Pr = 0.683, p = 0.633 kg/m 3 . 

ANALYSIS: (a) The required heat transfer rate is 

q = m c Cp c (T c 0 -T CJ ) = 50kg/s(4180j/kg• K)60K = 1.254 x10 7 W. 

Hence, with T h , 0 = T h ,i - q/rhh c p,h , 

T h 0 = 700K - 1.254X 10 7 W/(40kg/sx 1040 J/kg • K) = 398.6K < 

Use the £ - NTU method to compute the hot side HX surface area, A H . To calculate Uh, we must find h h . 
For the tube bank, S D = 44.7 mm > (S T + D)/2 = 30 mm. Hence, with pV max = [S-p /(S-p - D 0 )] pV = 

[S T /(ST-Do)](m h /WH), 

pVmax =( 4 °/20) 40kg/s/(2xl.2)m 2 =33.3kg/s-m 2 

Re D,max =(P V max D o)/P= 33.3kg/s• m 2 (0.02m) ^288.4xl0“ 7 N-s/m 2 =23,116. 

From the Zhukauskas correlation, with (Pr/Pr s ) = 1, and Table 7.7, 

Nud = 0.35 Repj 6 Pr 036 =0.35 (23,116)°- 6 (0.683) a36 =127 
where it is assumed that N L > 20. Hence, 

h h = (k/D 0 ) = 127 (0.0439 W/m- K/0.02 m) = 279 w/m 2 - K . 

FromEq. 11.1, 


Continued... 
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PROBLEM 11.31 (Cont.) 

1 _ 1 D„ D 0 ln(D 0 /Di) | 1 1 20 0.02mln(20/15) | 

U h h c D i 2k h h 3000W/m 2 K 15 60W/mK 279w/m 2 K 

J_ = |4.44xl0“ 4 + 9.59xl0“ 5 + 3.58xlO~ 3 )m 2 • K/W = 4.12xl0“ 3 m 2 • K/W 
U h =243w/m 2 -K. 


With C h = C mn - 4.160 x 10 4 W/K and C c - C max - 2.09 x 10 5 W/K, C min /C max = 0.199 and qmax - C min (T h ,, 
- T c ,i) = 4.16 x 10 4 W/K(410 K) = 1.71 x 10 7 W. Hence, e = (q/q max ) = (1.254 X 10 7 W/1.71 x 10 7 W) = 
0.735. With C min mixed and Cmax unmixed, Eq. 11.35b gives NTU = 1.54 and 


A h = NTU (C min /U h ) = 1.54(4.160xl0 4 W/k/ 243 w/m 2 - k) = 264m 2 . 


Hence, 


n l = 


A h 

(ttD 0 W)N x 


264 m 2 

^(0.02)2(30)m 2 


= 70 


< 


(b) Using the IHT Correlations , Heat Exchangers and Properties Toolpads to perform the parametric 
calculations, we obtain the following results for N L = 90. 




Thi = 700 K 
Thi = 600 K 
Thi = 500 K 



Thi = 700 K 
Thi = 600 K 
Thi = 500 K 


Since h h , and hence Uh, increases with hi ^ , q, and hence, T c o , increases with increasing hi ^ , as well as 

with increasing T h i . Although q increases with m ^ , the proportionality is not linear (q a liij 1 ,, where a < 
1) and (T h ,i - T h , 0 ) must decrease with increasing m ^ , in which case T h , 0 must increase. From the above 
results, it is clear that operation is restricted to m ^ > 40 kg/s and T hl > 700 K, if corrosion of the heat 
exchanger surfaces is to be avoided. 

COMMENTS: To check the presumed value of h c = 3000 W/m 2 K, compute 
R. b 4WN) ._ 4(50kg/s)/7Qx3Q =350Q 

n (0.015m)577x 10 6 N-s/m 2 

Hence, Nu D = 0.023 Re^ 5 Pr 0 ' 4 = 0.023(3500 ) 4/5 (3.77 )°' 4 = 26.8 

h c =(k/D)Nu D = (0.640 W/m K/0.015m)26.8 = 1142 w/m 2 - K . 

Hence, the cold side convection coefficient has been overestimated and the calculations should be 
repeated using the smaller value of h c . 





PROBLEM 11.32 


KNOWN: Single pass, cross-flow heat exchanger with hot exhaust gases (mixed) to heat water 
(unmixed) 

FIND: Required surface area. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Exhaust gas properties assumed to be those of air. 

PROPERTIES: Table A-6, Water (T c = (80 + 30)°C/2 = 328 K): c p = 4184 J/kg-K; Table A-4, Air 
(1 atm, T h = (100 + 225)°C/2 = 436 K): c p = 1019 J/kg-K. 

ANALYSIS: The rate equation for the heat exchanger follows from Eqs. 11.14 and 11.18. The area 
is given as 

A = q / UAT/ m = q / U FAT^ mCF (1) 


where F is determined from Fig. 11.13 using 

n 80-30 225-100 0 c n no 

P =-= 0.26 and R=-=2.50 giving F = 0.92. 

225-30 80-30 

From an energy balance on the cold fluid, find 

kg 
s 


q = rite c c (T c o -T C)i ) = 3 x4184——(80 -30)K = 627,600 W. 

kg ■ K 


From Eq. 11.15, the LMTD for counter-flow conditions is 

AT ATj-AT 2 _ (225-80)-(100-3 0) o 

/m,CF £ n ( AT[/AX2 ) £n(145/70) 


C = 103.0°C. 


( 2 ) 

(3) 

(4) 


Substituting numerical values resulting from Eqs. (2-4) into Eq. (1), find the required surface area to be 


A = 627,600W/200W/m 2 -K x0.92xl03.0K =33.lm 2 . 


< 


COMMENTS: Note that the properties of the exhaust gases were not needed in this method of 
analysis. If the e-NTU method were used, find first Ch/C e = 0.40 with C mm = C^ = 5021 W/K. From 
Eqs. 11.19 and 11.20, with C h = C min , e = q/q max = (T h ,i - T hi0 )/(T hii - T ci ) = (225 - 100)/(225 - 30) 
= 0.64. Using Fig. 11.19 with C mm /C max = 0.4 and e = 0.64, find NTU = UA/C mm => 1.4. Hence, 

A = NTU ■ Cmin / U -1.4x5021W/K/200W/ m 2 K =35.2m 2 . 


Note agreement with above result. 




PROBLEM 11.33 


KNOWN: Concentric tube heat exchanger operating in parallel flow (PF) conditions with a thin-walled 
separator tube of fOO-mm diameter; fluid conditions as specified. 

FIND: (a) Required length for the exchanger; (b) Convection coefficient for water flow, assumed to be 
fully developed; (c) Compute and plot the heat transfer rate, q, and fluid inlet temperatures, T h , 0 and T c o , 
as a function of the tube length for 60 < L < 400 m with the PF arrangement and overall coefficient 
(U = 200W/nr • Kj, inlet temperatures (T hj = 225°C and T CJ = 30°C), and fluid flow rates from Problem 

11.23; (d) Reduction in required length relative to the value found in part (a) if the exchanger were 
operated in the counterflow (CF) arrangement; and (e) Compute and plot the effectiveness and fluid 
outlet temperatures as a function of tube length for 60 < L < 400 m for the CF arrangement of part (c). 

SCHEMATIC: 



ASSUMPTIONS: (1) No losses to surroundings, (2) Negligible kinetic and potential energy changes, 
(3) Separation tube has negligible thermal resistance, (4) Water flow is fully developed, (5) Constant 
properties, (6) Exhaust gas properties are those of atmospheric air. 


PROPERTIES: Table A-4, Hot fluid, Air (1 atm, T = (225 +100)°C 12 = 436 K): c p = 1019 J/kg-K; 
Table A-6 , Cold fluid, Water T = (30 + 80)°C 12 » 328 K): p = l/v f = 985.4 kg/m 3 , c p = 4183 J/kg-K, k = 
0.648 W/m-K, p = 505 x 10 6 N-s/m 2 , Pr = 3.58. 


ANALYSIS: (a) From the rate equation, Eq. 11.14, with A = TtDL, the length of the exchanger is 
L = q/U • jtD • AT^ n pp . 

The heat rate follows from an energy balance on the cold fluid, using Eq. 11.7, find 
q = m c c c (T c 0 -T c i) = 3kg/sx4183 j/kg• K(80-30)K = 627.5xl0 3 W . 

Using an energy balance on the hot fluid, find rii h for later use. 

m h = q/c h (T h i - T h 0 ) = 627.5x 10 3 W/1019 j/kg • K (225 -100) K = 4.93 kg/s 
For parallel flow, Eqs. 11.15 and 11.16, 


AT, -AT? 

AT^ m pp --—— 

’ ZnAT, / AT 2 


(225 - 30)° C-(100-80)° C 
Zn(225-30)/(l00-80) 


Substituting numerical values into Eq. (1), find 

L = 627.5X10 3 w/200 w/m 2 • K(^x0.1m)76.8K = 130m . 


(1) 


( 2 ) 


< 


Continued... 





PROBLEM 11.33 (Cont.) 

(b) Considering the water flow within the separator tube, from Eq. 8.6, 

Re D = 4m/nDp = 4x3kg/sy^TT x0. Imx505x 10“ 6 N/s • m 2 ) = 75,638 . 

Since R c n > 2300, the flow is turbulent and since flow is assumed to be fully developed, use the Dittus- 
Boelter correlation with n = 0.4 for heating, 


Nu d = 0.023 Rej^Pr 0 ' 4 =0.023(75,638) 0 ' 8 (3.58) 0 ' 4 = 306.4 


h = Nu D — = 306.4X 0.648 W/m • K/(0.lm) = 1985W/m 2 • K. 


< 


(c) Using the IHT Heat Exchanger Tool, Concentric Tube, Parallel Flow, Effectiveness relation, and the 
Properties Tool for Water and Air, a model was developed for the PF arrangement. With U = 200 
W/m 2 K and prescribed inlet temperatures, T h ,i = 225°C and T Cji = 30°C, the outlet temperatures, T h , 0 and 
T c o and heat rate, q, were computed as a function of tube length L. 

Parallel flow arrangement 



Cold outlet temperature, Tco (C) 
Hot outlet temperature, Tho (C) 
Heat rate, q*10 A -4 (W) 


As the tube length increases, the outlet temperatures approach one another and eventually reach T h , 0 = 
T c , 0 - 85.6°C. 


(d) If the exchanger as for part (a) is operated in 
counterflow (rather than parallel flow), the log 
mean temperature difference is 


AT On,CF 


ATj-AT 2 
(nATj / AT 2 


AT On,CF 


(225-80)-(100-30) 
(n (225 - 80)/l00 - 30 


= 103.0°C. 



Using Eq. (1), the required length is 

L = 627.5xlO 3 W/200 w/m 2 • Kx;rx 0.1 mx 103.0 K = 97m. 
The reduction in required length of CF relative to PF operation is 


Continued... 
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AL = (L pf - L cf )/L pf = (103 - 97)/l03 = 5.8% < 

(e) Using the IHT Heat Exchanger Tool, Concentric Tube, Counterflow, Effectiveness relation, and the 
Properties Tool for Water and Air, a model was developed for the CF arrangement. For the same 
conditions as part (c), but CF rather than PF, the effectiveness and fluid outlet temperatures were 
computed as a function of tube length L. 


Counterflow arrangement 



60 120 180 240 300 360 


Tube length, L (m) 

—*— Cold outlet temperature, Too (C) 

—©— Hot outlet temperature, Tho (C) 
- Effectiveness, eps* 100 


Note that as the length increases, the effectiveness tends toward unity, and the hot fluid outlet 
temperature tends toward T c>i = 30°C. Remember the heat rate for an infinitely long CF heat exchanger is 
q max and the minimum fluid (hot in our case) experiences the temperature change, T h ,j - T CJ . 

COMMENTS: (1) As anticipated, the required length for CF operations was less than for PF operation. 

(2) Note that U is substantially less than hj implying that the gas-side coefficient must be the controlling 
thermal resistance. 




PROBLEM 11.34 

KNOWN: Cross-flow heat exchanger (both fluids unmixed) cools blood to induce body hypothermia 
using ice-water as the coolant. 

FIND: (a) Heat transfer rate from the blood, (b) Water flow rate, V c (liter/min), (c) Surface area of 
the exchanger, and (d) Calculate and plot the blood and water outlet temperatures as a function of the 

water flow rate for the range, 2 < V < 4 liter/min, assuming all other parameters remain 
unchanged. 

SCHEMATIC: 


Cross-flow hxer 
(both fluids unmixed) 

U = 750 W/m 2 -K 

1 -i—i 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible losses to the surroundings and kinetic 
and potential energy changes, (3) Overall heat transfer coefficient remains constant with water flow 
rate changes, and (4) Constant properties. 

PROPERTIES: Table A-6, Water (T c = 280K), p = 1000 kg/ m 3 , c = 4198 J/kg■ K. Blood 
(given): p = 1050 kg / m 3 , c = 3740 J / kg ■ K. 

ANALYSIS: (a) The heat transfer rate from the blood is calculated from an energy balance on the 
hot fluid, 

riih = Ph^h = 1050 kg /m 3 x(5 liter /minx 1 min/60 s)x 10 _3 m 3 / liter = 0.0875 kg/s 

q = m h c h (T h i - T h 0 ) = 0.0875 kg / s x 3740 J / kg ■ K(37 - 25)K = 3927 W < (1) 

(b) From an energy balance on the cold fluid, find the coolant water flow rate, 

q = m c c c (T c 0 — T c j ) (2) 

3927 W = m c x4198 J/kg ■ K(l5 -0)K m c = 0.0624 kg/s 

V c = m c / Pc = 0.0624 kg / s / 1000 kg / m 3 x 10 3 liter / m 3 x 60 s / min = 3.74 liter / min < 

(c) The surface area can be determined using the effectiveness-NTU method. The capacity rates for 
the exchanger are 

Ch = rhh c h = 327 W / K C c = m c c c = 262 W / K C m j n = C c (3, 4, 5) 

From Eq. 11.19 and 11.20, the maximum heat rate and effectiveness are 



Continued 





PROBLEM 11.34 (Coni.) 


4max = Cminflki - T c j) = 262 W / K (37 - 0)K = 9694 W (6) 

£ = q / q max = 3927 1 9694 = 0.405 ( 7 ) 

For the cross flow exchanger, with both fluids unmixed, substitute numerical values into Eq. 11.33 to 
find the number of transfer units, NTU, where C r = C m j n / C max . 

£ = 1 - exp (1 / C r )NTU 0 - 22 [exp -C r NTU 0 ' 78 -1} (8) 

NTU = 0.691 

From Eq. 11.25, find the surface area, A. 

NTU = UA / C min 

A = 0.691x 262 W/ K/750 W/ m 2 ■ K = 0.241 m 2 < 


(d) Using the foregoing equations in the IHT workspace, the blood and water outlet temperatures, T| 1() 
and T c o , respectively, are calculated and plotted as a function of the water flow rate, all other 
parameters remaining unchanged. 

Outlet temperatures for blood flow rate 5 liter/min 



2 2.5 3 3.5 4 


Water flow rate, Qc (liter/min) 

-Water outlet temperature, Tco 

—Blood outlet temperature, Tho 

From the graph, note that with increasing water flow rate, both the blood and water outlet 
temperatures decrease. However, the effect of the water flow rate is greater on the water outlet 
temperature. This is an advantage for this application, since it is desirable to have the blood outlet 
temperature relatively insensitive to changes in the water flow rate. That is, if there are pressure 
changes on the water supply line or a slight miss-setting of the water flow rate controller, the outlet 
blood temperature will not change markedly. 



PROBLEM 11.35 


KNOWN: Steam at 0.14 bar condensing in a shell and tube HXer (one shell, two tube passes consisting 
of 130 brass tubes off length 2 m, D; = 13.4 mm, D 0 = 15.9 mm). Cooling water enters at 20°C with a 
mean velocity 1.25 m/s. Heat transfer convection coefficient for condensation on outer tube surface is h D 
= 13,500 W/m 2 -K. 

FIND: (a) Overall heat transfer coefficient, U, for the HXer, outlet temperature of cooling water, T c o , 
and condensation rate of the steam til ^ ; and (b) Compute and plot T c o and til ^ as a function of the 
water flow rate 10 < m c < 30 kg/s with all other conditions remaining the same, but accounting for 
changes in U. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties, (4) Fully developed water flow in tubes. 


PROPERTIES: Table A-6, Steam (0.14 bar): T sat = T h = 327 K, h fg = 2373 kJ/kg, c p = 1898 J/kg-K; 
Table A-6, Water (Assume T Ci0 - 44°C or T c =305 K): v f = 1.005 x 10 3 m 3 /kg , c p =4178 J/kg-K, 

(tf = 769 x 10‘ 6 N-s/m 2 , k f = 0.620 W/m-K, Pr f = 5.2; Table A-1, Brass -70/30 (Evaluate at T = (T h + 
T c )/2 = 316 K): k= 114 W/m-K. 


ANALYSIS: (a) The overall heat transfer coefficient based upon the outside tube area follows from Eq. 
11.5, 



(1) 


The value for h; can be estimated from an appropriate internal flow correlation. First determine the 
nature of the flow within the tubes. From Eq. 8.1, 


[1.005x10 3 m 3 


xl.25m/sxl3.4xl0 m 


Re D, =P u m —= 


769x10 6 N-s/m 2 


= 21,673. 


The water flow is turbulent and fully developed (L/Dj = 2 m /13.4 x 10 3 m = 150 > 10). The Dittus- 
Boelter correlation with n = 0.4 is appropriate, 


Nu D =hi Dj/k f =0.023Re^ 8 Pr f 0 ' 4 = 0.023x(21,673)°' 8 (5.2) 0 ' 4 = 130.9 
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0.620W/m • K 


hj = — Nuq = 

D i 13.4xl0“ 3 m 


x 130.9 = 6057 W/ nT" • K. 


Substituting numerical values into Eq. (1), the overall heat transfer coefficient is 


u 0 = 


U 0 = 


1 


(l5.9xl0 3 m) /2 


„ 15.9 15.9 

fn-+- x- 


1 


13,500 W/m 2 • K 115W/m-K 13.4 13.4 6057W/m 2 K 

-1 


-1 


7.407x10 5 + 1.183x10 5 +19.590x10 5 


W/ m 2 • K = 3549 W/ m 2 • K . 


To find the outlet temperature of the water, we’ll employ the £ - NTU method. From an energy balance 
on the cold fluid, 

Tc,o=T c ,i + q/C c (3) 

where the heat rate can be expressed as 

9 — ^9max 9max ~ ^min (^h,i — 3fi,o) ■ (4,5) 

The minimum capacity rate is that of the cold water since Q, —> 00 . Evaluating, find 

c min =C c =(mc p ) c =22.8 kg/s x 4178 j/kg-K = 95,270 W/K. 

where 

m c = (pAu m )N = 995.0kg/m 3 x;r/4(0.0134m) 2 xl.25m/sxl30 = 22.8kg/s 
To determine £, use Fig. 11.16 (one shell and any multiple of tube passes) with 

U n A n 3549 W/ m 2 • K(7r0.0159mx2mx 130x2) 

NTU = 0 0 =------ = 0.968 

C min 95,270 W/K 

where 130 and 2 represent the number of tubes and passes, respectively, to find £ = 0.62. Combining 
Eqs. (4) and (5) into Eq. (3), find 

T c ,o =T Cji +eC min (T h>i -T Cji )/c c = 20° C +0.62(327-293)K = 41.1°C . < 

The condensation rate of the steam is given by 

= q/ h fg (6) 

where the heat rate can be determined from Eq. (3) with T c 0 , 

m h =C c (T c , 0 — T c i)/h fg = 95,270 w/k (41.1 - 20.0) k/ 2373xlO 3 J/kg • K = 0.85 kg/s. < 

(b) Using the IHT Heat Exchanger Tool, All Exchangers, C, = 0, and the Properties Tool for Water, a 
model was developed and the cold outlet temperature and condensation rate were computed and plotted. 


Continued... 
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Cold flow rate, mdotc (kg/s) 


- Cold outlet temperature, Too (C) 

—a— Condensation rate, mdoth*10 A -1 (kg/s) 


With increasing cold flow rate, the cold outlet temperature decreases as expected. The condensation rate 
increases with increasing cold flow rate. Note that T Cj0 and lit [-, are nearly linear with the cold flow rate. 


COMMENTS: For part (a) analysis, note that the assumption T c o ~ 44°C used for evaluation of the cold 
fluid properties was reasonable. Using the IHT model of part (b), we found T c o = 40.2°C and hi [-, = 
0.812 kg/s. 




PROBLEM 11.36 


KNOWN: Shell-and-tube (one shell, two tube passes) heat exchanger design. Water flow rate and inlet 
temperature. Steam pressure and convection coefficient. 

FIND: (a) Water outlet temperature, T c 0 ; (b) T cv , as a function of flow rate, m c , for the range, 5 < m c < 
20 kg/s, with all other conditions remaining the same, but accounting for changes in the overall 
coefficient, U; and (c) Plot T Cj0 on the same graph considering fouling factors of Rf = 0.0002 and 
0.0005 m 2 K/W 

SCHEMATIC: 


N= 100 

D = 0.02 

ASSUMPTIONS: (1) Negligible heat loss to surroundings and kinetic and potential energy changes, (2) 
Negligible wall conduction and fouling resistances, (3) Constant properties. 

PROPERTIES: Table A-6, Sat. water (p = 1.0133 bar): T sat = T = 373.1 K; (T c » 320 K): c p = 4180 
J/kg-K, p = 577 x 10 6 N-s/m 2 , k = 0.640 W/m-K, Pr = 3.77. 

ANALYSIS: Using the NTU-effectiveness method, calculate for U by finding hj. With 

Re D = 4m/;rDp=[4(l0kg/s)/l00]/ / tt( 0.02m)(577xl0“ 6 N-s/m 2 ) =11,033 (1) 

and using the Dittus-Boelter correlation, 

Nu d = 0.023 Re^ 5 Pr 0 ' 4 =0.023(11,033) 4/5 (3.77 )°' 4 = 67.05 (2) 

hj =(k/D)Nu D = (0.640 W/m- K/0.02m)67.05 = 2146 w/m“ • K . 

FromEq. 11.5 

l/U = l/hj +l/h 0 =[(1/10,000) +(l/2146)]m 2 -k/w =5.66xl0“ 4 m 2 -K/W (3) 

U = 1766 w/m 2 • K . 

The heat transfer surface area, capacity rates and NTU are 
A = N (7tD) 2L = 100 (;r0.02m) 2 x 2m = 25.1 m 2 
C m in =C c = 10 kg/s (4180 J/kg-K) = 41,800 W/K 

NTU = UA/c min = 1766w/m 2 Kx25.1 m 2 /41,800W/K = 1.06 
FromEq. 11.36a 



Continued... 



PROBLEM 11.36 (Cont.) 


£ = 1 - exp (-NTU) = 1 - exp (-1.06) = 0.654 . (4) 

With 

q max = C min (T h j - T c j) = 41,800 W/K (373.15 - 290) K = 3.48x 10 6 W (5) 

q = eq max = 0.654 (3.48 xl0 6 w) = 2.27 xlO 6 W 

find 

T c,o = T c,i + (q/C c ) = 290K + (2.27xlO 6 W/41,800 W/k) = 344.4K. (6)< 

(b,c) Using the IHTHeat Exchanger Tool, All Exchangers, C r = 0, the Properties Tool for Water and the 
Correlation Tool, Forced Convection, Interned Flow, for Turbulent, fully developed conditions, a model 
was developed following the foregoing analysis to compute and plot the outlet temperature T c 0 as a 
function of the cold fluid flow rate, m c . The expression for the overall coefficient, Eq.(l), was modified 
to include the fouling factor, 

l/U = l/h i +Rf +l/h 0 . 



- Fouling factor, R"f = 0 

—R"f = 0.0002 m A 2.K/W 
—©— R"f = 0.0005 m A 2.K/W 

The effect of increasing the cold flow rate is to decrease the outlet temperature. The effect of the fouling 
resistance is to decrease the outlet temperature as well. 

COMMENTS: (1) For the part (a) analysis, T c = 317 K and the initial guess of 320 K was reasonably 
good. 

(2) In the anlysis of parts (b,c), Re D , c is as low as 4880, below the turbulent range (10,000) and above the 
laminar range (2300). We chose to treat the flow as turbulent. 




PROBLEM 11.37 


KNOWN: Saturated steam at 1 10°C condensing in a shell and tube heat exchanger (one shell pass, 2, 
4, tube passes) with a UA value of 2.5 kW/K; cooling water enters at 40°C. 

FIND: Cooling water flow rate required to maintain a heat rate of 150 kW; and (b) Calculate and plot 
the water flow rate required to provide heat rates over the range 130 to 160 kW, assuming that UA is 
independent of flow rate. Comment on the validity of the assumption. 

SCHEMATIC: 


Sat. steam 


T hj i = 110°C 

(///////////////////////////A 


% c- 

7* 



9777. V/////////////////////////A 


Cooling water 

- m c 

- T cJ = 40°C 


One shell pass 
2, 4, ... tube passes 
UA = 2.5 kW/K 
q = 150 kW 


ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential 
energy changes, (3) UA independent of flow rate, and (4) Constant properties. 


PROPERTIES: Table A-6 , Water (T m , c = (T C;i + T Cj0 )/2 = 49.5°C = 322.5 K): e p , c = 4181 J/kg-K. 

ANALYSIS: (a) For the shell-tube heat exchanger with any multiple of two-tube passes, from Eq. 

11.36a with C r = 0, using Eqs. 11.20 and 11.23, 

£ = 1 - exp (-NTU) NTU = UA/C min (1,2) 


£ — q / q max 


Omax — C c (Tjj j 


T c.i) 


(3,4) 


By combining the equations with C m ; n = C c = m c c p 

q 


c p,c (^hd Tc,i ) 


: 1 - exp 


' UA ' 


m c ^p,c 


Substituting numerical values, and solving using IHT find 


m c =1.89 kg/s 


(5) 


< 


The specific heat of the cold fluid, c pc , is evaluated at the average of the mean inlet and outlet 
temperatures, T m c = (T c j + T c o )/2, with T c o determined from the energy balance equation, 

q = mc p , c (T co -T ci ). (6) 

(b) Solving the above system of equations in the IHT workspace, the graph below illustrates the water 
flow rate required to provide a range of heat rates. 


Continued 




PROBLEM 11.37 (Cont.) 


Water flow rate required for specified heat rate 



Heat rate, q (kW) 


COMMENTS: (1) The assumption that UA is constant with flow rate is a poor one. Because the 
heat transfer coefficient for condensation is so high, the overall coefficient is controlled by the water¬ 
side coefficient. Presuming the flow is turbulent, from the Dittus-Boelter correlation, we’d expect 

UD m°' 8 . Over the range of the graph above, U will vary by approximately a factor of (3.5/1) 0 ’ 8 = 
2.7. 

(2) If we considered UA to vary with the cold water flow rate as just described, make a sketch of 
m c vs. q and compare it to the graph above. 




PROBLEM 11.38 


KNOWN: Temperature, convection coefficient and condensation rate of saturated steam. Tube 
diameter for shell-and-tube heat exchanger with one shell pass and two tube passes. Velocity and 
inlet and maximum allowable exit temperatures of cooling water. 

FIND: (a) Minimum number of tubes and tube length per pass, (b) Effect of tube-side heat transfer 
enhancement on tube length. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat exchange with surroundings, (2) Negligible flow work and 
kinetic and potential energy changes, (3) Negligible tube wall conduction and fouling resistance, (4) 
Constant properties, (5) Fully developed internal flow throughout. 

PROPERTIES: Table A-6, Sat. water (340 K): h fg = 2.342 x 10 6 J/kg; Sat. water 

(T c = 22.5°C » 295 K): p=998 kg/m 3 , c p = 4181 J/kg-K, p = 959 x 10~ 6 N s/m 2 , k = 0.606 W/m-K, 

Pr = 6.62. 

ANALYSIS: (a) The required heat rate and the maximum allowable temperature rise of the water 
determine the minimum allowable flow rate. That is, with 

9 = Ocond = ^cond^fg = 2.73 kg/sx2.342xl0 6 J/kg = 6.39xl0 6 W 


m, 


6.39xl0 6 W 


c,mm 


c p ,c(Tc,o-T c ,i) 4181 J/kg-K(15»C) 


401.9 kg/s 


2 3 2 

With a specified flow rate per tube of m c | =pu m 7t D /4 = 998 kg/m x 0.5 m/s x n (0.019m) /4 = 
0.141 kg/s, the minimum number of tubes is 


N 


m, 


c,mrn 


mm 


m, 


c,l 


101.9 kg/s 
0.141 kg/s 


= 720 


< 


To determine the corresponding tube length, we must first find the required heat transfer surface area. 
With Re D = pu m D/p = 998 kg/m 3 (0.5 m/s) 0.019m/959 x 10" 6 N s/m 2 = 9,886, the Dittus-Boelter 
equation yields 


hj =(k/D)0.023 Rep 5 Pr°- 4 = (0.606 W/m-K/0.019m)0.023(9886) 4/5 (6.62 )°' 4 =2454 W/m 2 -K 


Continued 




PROBLEM 11.38 (Cont.) 


Hence. U= hj 1 + ho 1 ^WOW/m^K 

With C r = 0. C min - m c c P;C = 101.9 kg/s x 4181 J/kg-K = 4.26 x 10 5 W/K, q max - C min (T h4 - T c4 ) 

= 4.26 x 10 5 W/K (340 - 288) K = 2.215 x 10 ? W and £ = q/q max = 0.289. Eq. 11.36b yields NTU = 
- In (1 - £) = - In (1 - 0.289) = 0.341. Hence the tube length per pass is 


A _ NTUxC min _ 0.341x4.26x10^ W/K 

2NttD 2NttDU 2x720xTr(0.019m)l970 W/m 2 K 


0.858m 


< 


(b) If the tube-side convection coefficient is doubled, hj = 4908 W / m 2 ■ K and U = 3292 W/m K. 

Since q. C r , C m j n , q max and hence £ are unchanged, the number of transfer units is still NTU = 0.341. 
Hence, the tube length per pass is now 

T NTUxC min 0.341x4.26x10^ W/K . 

L =-— =---= 0.513m < 

2NttDU 2x720x7r(0.019m)3292 W/m 2 K 

COMMENTS: Heat transfer enhancement for the flow with the smallest convection coefficient 
significantly reduces the size of the heat exchanger. 



PROBLEM 11.39 


KNOWN: Pressure and initial flow rate of water vapor. Water inlet and outlet temperatures. Initial 
and final overall heat transfer coefficients. 


FIND: (a) Surface area for initial U and water flow rate, (b) Vapor flow rate for final U. 


SCHEMATIC: 

p^-O.Sl bans 
™h,i =1-5kg Is 


Ph'™h 


*— Sa+ vapor l/* I 

ULj-Z 000 ]N/m z -K}__/ ^ T c,o^ 57 °C 
ULf^lOOOW/mZ-K \ 


Saf. liquid 


ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible wall conduction resistance. 

PROPERTIES: Table A-6, Sat. water (T c = 310 K): c p , c = 4178 J/kg-K; (p = 0.51 bars): T sat = 355 
K, h fg = 2304 kJ/kg. 

ANALYSIS: (a) The required heat transfer rate is 

q = m h h fg =1.5 kg/s(2.304xl0 6 J/kg) = 3.46xl0 6 W 

and the corresponding heat capacity rate for the water is 


C c =C m j n =q/(T c o - j) = 3.46xlO 6 W/40K = 86,400 W / K. 


Hence, 


e -q/ICjYun [T^j T c j 


) = 3.46X10 6 W/86,400 W/ K(65 K) = 0.62. 


Since C mm /C max = 0, Eq. 11.36b yields 

NTU = -In (1 -8) = -In (1-0.62) = 0.97 

and A=NTU(C min /U)=0.97(86,400W/K/2000W/m 2 K)=41.9m 2 < 

m c =C c /c p>c =86,400W/K/4178 J/kg K =20.7 kg/s. < 

(b) Using the final overall heat transfer coefficient, find 

NTU = UA/C min =1000W/m 2 ■ k( 41.9m 2 )/86,400 W / K =0.485. 

Since C m ; n /C max = 0, Eq. 11.36a yields 

£ = 1 - exp(-NTU) = 1 - exp (-0.485) = 0.384. 

Hence, q=eC min (T h i -T c i )= 0.384(86,400 W / K) 65 K=2.16xl0 6 W 

m h =q/h fg =2.16xl0 6 W/2.304xl0 6 J/kg =0.936 kg/s. < 

COMMENTS: The significant reduction (38%) in m ^ represents a significant loss in turbine power. 
Periodic cleaning of condenser surfaces should be employed to minimize the adverse effects of fouling. 




PROBLEM 11.40 

KNOWN: Two-fluid heat exchanger with prescribed inlet and outlet temperatures of the two fluids. 


FIND: (a) Whether exchanger is operating in parallel or counter flow, (b) Effectiveness of the 
exchanger when C c = C mm . 

SCHEMATIC: 

10°C 
30°C 

ASSUMPTIONS: (1) Negligible heat loss to the surroundings, (2) Negligible kinetic and potential 
energy changes, (3) Cold fluid is minimum fluid. 

ANALYSIS: (a) To determine whether operation is PF or CF, consider the temperature distributions. 
From the distributions we note that PF or CF operation is possible. 

(b) The effectiveness of the exchanger follows from Eq. 11.20, 

e =c l/ c lmax (1) 

where from Eq. 11.19, 

flmax = Cmin (^h,i ~T c i). (2) 

Since C mm = C c and performing an energy balance on the cold fluid, Eq. (1) with Eq. (2) becomes 

e = Cc (Tc,o _ T c i j/Cjnin (T^j _ T C i) = (T C o ~T c i)/(Tj 1 j —T c i) 

£ = (30—15) °C / (65 —15) °C = 0.30. < 

COMMENTS: If T c 0 were greater than T h o , parallel-flow operation would not be possible. 





PROBLEM 11.41 


KNOWN: Concentric tube heat exchanger. 
FIND: Length of the exchanger. 

SCHEMATIC: 




on 

/77/j -ZZSkgjh 

Cf 1 =ZO < 9SJ'lkg-K —/i,--X i 

T hi =Z10°C L^ x UrS50W/mZ D o = 100mm 


i - * 


( fWateP ) 
m c -ZZ5kgjh 
T ci --Z5°C 
ll t0 - 95"°C 


ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties. 

PROPERTIES: Table A-6, Water (T c = (35 + 95)°C/2 = 338 K): c p>c = 4188 J/kg-K 


ANALYSIS: From the rate equation, Eq. 11.14, with A 0 = 7tD 0 L, 

L = q / UqTTD qAT^jjj. 

The heat rate, q, can be evaluated from an energy balance on the cold fluid, 

q = m c c c (T co -T ci )= 225 kg/h x4188J/kgK(95 -35 )K =15,705 W. 
^ CV c,o c,r } 3600s/h & v > 


In order to evaluate AT^ m , we need to know whether the exchanger is operating in CF or PF. From 
an energy balance on the hot fluid, find 

T ho =Thi-q/m h c h = 210°C-15,705 W/ 225 kg/h x2095 —— = 90.1 °C. 

’ 3600s/h kg-K 


Since Th, 0 < T c>0 it follows that Hxer operation must be CF. From Eq. 11.15, 
ATi-AT 2 _ (210-95)-(90.1-35) 


AT fm,CF 


£n (AT[ / AT 2 ) £n(l 15/55.1) 


°C = 81.4°C. 


Substituting numerical values, the HXer length is 


L=15,705W/5 5 0W/m (0.10m)x81.4K=1.12m. 


< 


COMMENTS: The e-NTU method could also be used. It would be necessary to perform the hot 
fluid energy balance to determine if CF operation existed. The capacity rate ratio is C mm /C max = 0.50. 
From Eqs. 11.19 and 11.20 with q evaluated from an energy balance on the hot fluid, 


Th,i-T h ,o _ 210-90.1 
T h ,i-T c ,i 210-35 


0.69. 


From Fig. 11.15, find NTU = 1.5 giving 



L = NTUC min /U 0 7tD 0 


w w 

-1.5x130.94—/550— - - n (0.10m) -1.14m. 

K m 2 ■ K 


Note the good agreement in both methods. 




PROBLEM 11.42 


KNOWN: A very long, concentric tube heat exchanger having hot and cold water inlet temperatures, 
85°C and 15°C, respectively; flow rate of hot water is twice that of the cold water. 


FIND: Outlet temperatures for counterflow and parallel flow operation. 


SCHEMATIC: 


T h .r-es 



y-T c j=15°C 


j- t> C A =-2C c 

\ 


ASSUMPTIONS: (1) Equivalent hot and cold water specific heats, (2) Negligible kinetic and 
potential energy changes, (3) No heat loss to surroundings. 

ANALYSIS: The heat rate for a concentric tube heat 
exchanger with very large surface area operating in the 
counterflow mode is 


_ fimax _ Cjnin (Tj^j T c i 



where C mm = C c . From an energy balance on the hot fluid, 

= Qr (Th,i — Th,o )• 

Combining the above relations and rearranging, find 

Th,o=-% !k (Th,i-1i,i)+T h , i =-^(T h>i -T c , i )+T h , i . 
c h c h 

Substituting numerical values, 

T h i0 = — -^-(85 -15)°C + 85°C =50^. 

For parallel flow operation, the hot and cold outlet 
temperatures will be equal; that is, T c 0 = T^ G . 

Hence, 

C c (T c ,o _ t,i) = Ch (Thfi — 0 j. 


< 



Setting T c 0 = 0 and rearranging, 

} ^ A f 


Th,o _ 
Th,o 


U . 

Th,i+7^T C)i / 

V J 


t C c 
1 + — 
Ch 


( 1 ^ 

85 + -X15 


fi + il 

°C/ 

l 2 J 


2 J 


61.7°C. 


< 


COMMENTS: Note that while e = 1 for CF operation, for PF operation find e = q/qmax = 0.67. 









PROBLEM 11.43 


KNOWN: Saturation temperature and condensation rate of refrigerant. Frontal area of condenser 
and dependence of overall coefficient on inlet velocity. Operational range of the air inlet temperature. 


FIND: (a) Required heat exchanger area and air outlet temperature for prescribed air inlet velocity 
and temperature, (b) Variation in air velocity needed to achieve prescribed condensation rate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Constant properties. 

PROPERTIES: Given (R-12): h fg = 1.35 x 10 5 J/kg. Table A-4, air (T C;i = 303 K): p c = 1.17 kg/m 3 , 
Cp c = 1007 J/kg-K. 

ANALYSIS: (a) With m c = p c VAf r = 1.17kg/m 3 x2m/sx0.25m 7 =0.585kg/s, 

C m in = m c c p c = 589 W / K. Hence, from Eq. (11.19), with = T sat , 

Qmax = Cmin (T h>i - T c>i ) = 589 W/ K (45 - 30) K = 8,836 W 

and with q = m h hf g = 0.015kg/sxl.35xl0 5 J/ kg = 2025 W 


q _ 2025 
Omax 8836 


0.229 


From Eq. 11.36b we then obtain (for C r = 0), 


C C ■ 589W/K 

A = NTU =-^un ^(1 -e) =---In (0.771) = 3.067 m z 

U U 50 W / m 2 ■ K 


With q = C m ) n (T co - T c j), the outlet temperature is 


: T c j + —3— = 30°C + 2025 W = 33.4°C 
0,1 Cmin 589 W/K 


(b) With q = 2025 W, A = 3.06 m“ and U = 50 W/m K (V/2) 0 ' 7 , the foregoing equations may be 
solved to obtain V as a function of T c j. 


Continued 




PROBLEM 11.43 (Cont.) 


co 

E 


< 



Air inlet tern perature, C 


With increasing T c j, the driving potential for heat transfer, - T c j, decreases and a larger value of 
U, and hence V, is needed to maintain the required heat rate. For 27 < T c i < 38°C, 1.56 < V < 5.66 
m/s and 42.1 < U < 103.6 W/m 2 -K. 

COMMENTS: The variation of V with T c j is nonlinear, and, in principle, V —> °o as T c i —> T sat . 




PROBLEM 11.44 


KNOWN: Conditions of oil and water for heat exchanger, one shell with 4 tube passes. 

FIND: Length of exchanger tubes per pass, L; and (b) Compute and plot the effectiveness, £, fluid 
outlet temperatures, T h , 0 and T c 0 , and water-side convection coefficient, h c , as a function of the water 
flow rate for 5000 < m c < 15,000 kg / h for the tube length found in part (a) with all other conditions 
remaining the same. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties, (4) Fully-developed flow in tubes. 

PROPERTIES: Table A-l, Brass (400 K): k=137 W/m-K; Table A-5, Water (323 K): p = 998.1 
kg/m 3 , k = 0.643 W/m-K, c p = 4182 J/kg-K, p = 548 x 10 6 N-s/m 2 , Pr = 3.56. 

ANALYSIS: (a) From an energy balance on the water, the heat rate required is 

q = m c c c (T c 0 -T c i ) = 10,000/3600kg/s x4182 j/kg-K (84-16)° C = 789,933 W. (1) 

The required tube length may be obtained from Eqs. 11.14 and 11.15, 

q = U 0 A 0 FAT^ m (2) 


AT, 


On,CF 


(160 - 84)° C - (94 -16)° C I in (160 - 84/94 -16) = 77.0°C . 


From Fig. 11.10, F = 0.86 using P = (84 - 16)/(160- 16) = 0.47 and R = (160 - 94)/(84 - 16) = 0.97. From 
Eq. 11.5, 


u 0 = 


1 r„ r n r„ 1 
— + - 5 -(n- 5 - + - 5 - — 


h o k 


r i h i 


-1 


where hi must be estimated from the appropriate correlation. With N = 11, the number of tubes, 


4m/N 4x (10,000/3600) kg/s/(l l) 

Re D = —— =- — - — - 1 -— = 25,621. 

7rx22.9xl0 mx548xl0 “N-s/m*" 

For fully developed turbulent flow, the Dittus-Boelter correlation with n = 0.4 yields 
Nu d = ^ D/k = 0.023 Re^Pr 0 ' 4 =0.023 (25,621) 0 ' 8 (3.56) 0 ' 4 = 128.6 

^ = Nu d (k/D) = 128.6x0.643w/m-K/(22.9xl0“ 3 m) = 3610w/m 2 - K. 


Continued... 



PROBLEM 11.44 (Cont.) 


U 0 = 


25.4x10 3 m 


25.4 25.4 

In -+-x- 


400W/m 2 • K 2x137 W/m-K 22.9 22.9 3610W/m 2 K 


-1 


= 355 W/m • K 


Returning now to Eq. (2), find A 0 , then the length, 

A 0 = 7tD 0 Lx No. of Passes x No.of Tubes = 7TX 25.4x10 3 mx4xllL = 3.511 L 
L = 789,933w/3.511 mx355w/m 2 • Kx0.86x77.0°C =9.6m < 


(b) Using the IHT Heat Exchanger Tool, Shell and Tube, One-shell pass and N tube passes, the 
Correlation Tool, Forced Convection, Interned Flow for Turbulent, fully developed condition, and the 
Properties Tool for Water, a model was developed using the effectiveness - NTU method to compute and 
plot T Cj0 , T hj0 , £, and hj as a function of m c . 



5000 10000 15000 


Cold flow rate, mdotc (kg/h) 

—•— Too (C) 

—e— Tho (C) 

- eps * 100 

—A— hei * 10 A -2 (W/m A 2.K) 

In order to avoid a boiling condition in the cold fluid, the cold flow rate should not be less than 8000 
kg/h. As expected, T c o and T h , 0 decrease and the internal convection coefficient increases nearly linearly 
with increasing flow rate. The effectiveness increases with increasing flow rate since the overall 
convection coefficient is increasing. 

COMMENTS: (1) The thermal resistance of the brass tubes is negligible. Since L/D; = 400, fully- 
developed conditions are reasonable. 

(2) In the analysis of part (b), you have to specify the capacity rate for the hot fluid in order to solve the 
model. From the analysis of part (a) using the model, we found L = 9.56 m and C h = 11,974 W/K. 




PROBLEM 11.45 


KNOWN: Properties and flow rate of computer coolant. Diameter and number of heat exchanger tubes. 
Heat exchanger transfer rate and inlet temperature of computer coolant. Flow rate, specific heat, inlet 
temperature, and average convection coefficient of water. 

FIND: (a) Tube flow convection coefficient, hj, (b) Tube length/pass required to achieve prescribed 
fluid outlet temperature, (c) Compute and plot the dielectric fluid outlet temperature, T f o , as a function of 
its flow rate rhf for the range 4 < rhf < 6 kg/s based upon the length/pass found in part (c), (d) the 
effect of ±10% change in the water flow rate, m w , on T r „ and (e) the effect of ±3°C change in inlet 

water temperature, T w j, on T fj0 . For parts (c, d, e), account for any changes in the overall convection 
coefficient, while all other conditions remain the same. 


SCHEMATIC: 

= 2-5 kg/s, T wi = 5 °C 


T f j = 25 °C "*■ 

Tf'O = 15 °C 
=4.81 kg/s -* 

| Tw,o 

ASSUMPTIONS: (1) Negligible heat loss to surroundings, kinetic and potential energy changes, fouling 
and tube wall resistance; (2) Constant properties; (3) Fully developed flow, (4) Convection coefficient 
on shell side, h Q , remains constant for all operating conditions. 



h Q - 10 4 W/m 2 -K 
N =72 tubes, D = 0.01 m 


PROPERTIES: Coolant (given): c p = 1040 J/kg-K, p = 7.65 x 10 4 kg/s-m, k = 0.058 W/m-K, Pr = 14; 
Water (given): c p = 4200 J/kg-K. 

ANALYSIS: (a) For flow through a single tube, 


Re D = 


4m f.t 
7rD fj. 


4 (4.81 kg/s)/72 
;r(0.01m)7.65x10 4 kg/s-m 


11,120 


and using the Dittus-Boelter correlation, find 

hj = (k/D) 0.023 Rep 5 Pr 03 = 0.023 °- 058 W / m ' K (n,i20) 4/5 (14) 03 = 508w/m 2 -K. < 

0.01m 


(b) Find the capacity ratio 

C f = m f c p f = 4.81 kg/s (1040 j/kg-K) = 5002 W/K = C niin 


C w = m w c p _ w = 2.5 kg/s (4200 j/kg • K) = 10,500 W/K = C max 


hence, C r = C^ n IC m2X = 0.476 and 

q _ c f ( T f,i ~ T f,o) 
4max Cf (Tf q -T w ^ ) 


(25-15)° C 
(25-5)°C 


= 0.500. 


Using Fig. 11.16 with NTU = (UA/C^) = (UNjtD2L/C min ) - 0.85, 


Continued... 




PROBLEM 11.45 (Cont.) 


W/m“ • K = 483 W/m 2 • K 


U = (h i 1 +h G 1 ) = (508) ! +(l0 4 ) 

L = 0.85(5002 W/K)^/l447r ^483 w/ m 2 • K jo.Olm = 1.95m . 


< 


(c) Using the IHT Heat Exchanger Tool, Shell and Tube, One-shell pass and N-tube passes, and the 
Correlation Tool, Forced Convection, Internal Flow for Turbulent, fully developed conditions, a model 
was developed using the effectiveness-NTU method employed above to compute and plot T f o as a 
function of rhf . 



A change in the dielectric fluid flow rate of ±1 kg/s causes approximately ±0.5°C change in its outlet 
temperature. 

(d) Using the above IHT model with the base conditions for part (c). the effect of a ±10% change in the 
water flow rate from its design value, m w = 2.5 kg/s (2.25 < m w < 2.75 kg/s) causes the dielectric fluid 
outlet temperature to change as 

Tf ,o = 15 ±0.14° C < 

(e) Using the IHT model of part (c) with the base case conditions for part (c), the effect of a ±3°C in the 
water inlet temperature from its design value, T c i = 5°C ( 2 < T c>i < 8°C) cause the dielectric fluid outlet 
temperature to change as 

Tf ,o = 15 ±1.5° C < 


COMMENTS: (1) For the analyses of part (a), Eq. 11.31 yields NTU = 0.85 and q = 50 kW and T w ,«, = 
9.76°C. 

(2) The results of the analyses provide operating performance information on the effect of changes due to 
dielectric fluid flow rate (±1 kg/s of rhf ), water fluid flow rate (< 10% of m w ) and water inlet 

temperature (±3°C of T w i j on the dielectric fluid outlet temperature, T fi0 , supplied to the computer. The 
greatest effect on T f?0 , is that by the input water temperature. 




PROBLEM 11.46 

KNOWN: Shell and tube heat exchanger with 135 tubes (one shell, double pass) of inner diameter 12.5 
mm and surface area 47.5 nr. 

FIND: (a) Exchanger gas and water outlet temperatures, (b) Tube heat transfer coefficient, hj, assuming 
fully developed flow, (c) Compute and plot the effectiveness and fluid outlet temperatures, T c o and T h , 0 
for the water flow rate range 6 < m c < 12 kg/s with all other conditions remaining the same, and (d) Hot 

gas inlet temperature, T h ,i, required to supply 10 kg/s of hot water with an outlet temperature of 42°C 
with all other conditions the same; determine also the effectiveness. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat lost to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Fully-developed conditions for internal flow of water in tubes, (4) Exhaust gas properties are 
those of air, and (5) The overall coefficient remains unchanged for the operating conditions examined. 

PROPERTIES: Table A-6, Water (T c » 300 K): p = 997 kg/m 3 , c = 4179 J/kg-K, k = 0.613 
W/m-K, p = 855 x 10 6 N s/m 2 , Pr = 5.83; Table A-4, Air (1 atm, T h - 400 K): p = 0.8711 kg/m 3 , c = 
1014 J/kg-K. 

ANALYSIS: (a) Using the e-NTU method, first find the capacity rates, C = me, 

C c =6.5kg/sx4179J/kg-K = 27,164W/K C h = 5.0kg/sxl014j/kg-K = 5,070W/K . 

Recognize that Ch = C™ and determine 

Cmin C h 5,070 Q ^ NTU AU 47 - 5m2 * 200 W /m 2 • K ,o ? 

C max C c 27,164 ' C min 5,070 W/K 


From Fig. 11.16 for the shell and tube exchanger, find with NTU =1.87 and C min /C max = 0.19 that £ 
0.78. From the definition of effectiveness, 

q _ C h (T hi -T h o ) _ 200-T h c 


£ = 


= 0.78 or T h 0 = 55.7 C . 


9max C m j n (T U T c j) 200 15 

From energy balances on the two fluids, Ch (T h ,i - T h , 0 ) = C c (T c 0 - T Cji ), find 

T c ,o = T c ,i +(C h /C c )(T ha -T h 0 ) = 15°C + 0.19(200-55.7)° C = 42.4°C . 


(b) To estimate hj for the water, find first the Reynolds number. From Eq. 8.6, 


Continued... 




PROBLEM 11.46 (Cont.) 


n 4m 4m c /N 4x6.5kg/s/l35 

J^ e D- = - = - = -~--- 7 -— = 5/3o 

1 xDiii 7tD { p ;rl2.5xl0 mx855xl0“ 6 N/s-m" 

While the flow is fully developed and turbulent, Re D = 10,000 such that Dittus-Boelter correlation is not 
strictly applicable. However, its use allows a first estimate. 

Nu Di =hD i /k = 0.023ReD 5 Pr a4 =0.023(5736) 4/5 (5.83) 0 - 4 =47.3 

hj = Nu D k/Dj = 47.3x0.613 W/ m 2 - K/l2.5xl0 _3 m = 2320 w/ m 2 • K . < 

(c) Using the IHT Heat Exchanger Tool , Shell and Tube, One-shell pass and N-tube passes , and the 
prescribed properties, a model was developed following the analysis of part (a) to compute and plot £, 

T c o , and T h , 0 for a function of m c . 



6 8 10 12 


Cold flow rate, mdotc (kg/s) 

—•— Cold outlet temperature, Tco (C) 

—©— Hot outlet temperature, Tho (C) 

- Effectiveness, eps * 100 

The outlet temperatures decrease nearly linearly with increasing cold fluid flow rate; the decrease in the 
cold outlet temperature is nearly twice that of the hot fluid. The change in the effectiveness with 
increasing flow rate is only slightly increased. 

(d) Using the above IHT model, the hot inlet temperature T h ,i, required to provide m c = 10 kg/s with T Cj0 
= 42°C and the effectiveness for this operating condition are 

T h,i= 74 - 4 ° c £=0.55 < 

COMMENTS: (1) Check that assumptions for and T c used in part (a) for evaluation of the fluid 
properties are satisfactory as = 400.7 K and T c =301.5 K . 

(2) From part (b), with hj = 2320 W/m 2 K and U = 200 W/m 2 K, the shell-side convection coefficient is 
h Q = 219 W/m 2 K. As such, U is controlled by shell-side conditions. Assuming U as a constant in part 
(c) with changes in m c is therefore reasonable. However, for part (d) with lit ^ doubling, we should 
expect U to increase. 




PROBLEM 11.47 


KNOWN: Power output and efficiency of an ocean energy conversion system. Temperatures and 
overall heat transfer coefficient of shell-and-tube evaporator. 

FIND: (a) Evaporator area, (b) Water flow rate. 

SCHEMATIC: 


One shell 
and two 
tube passes 



\i 


<7 

_t>_7~ 

C 

^ 'c.o 

J_X_ 



T* 

T hi ;--300K 




*-T ci =T co =290K 

-:-> 


’\o 


Li -1200 W/m* -K 


ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties. 

PROPERTIES: Table A-6, Water (T m = 296 K): c p = 4181 J/kg-K. 

ANALYSIS: (a) The efficiency is 
W 2MW 

ri =—=-=0.03. 

q q 


Hence the required heat transfer rate is 
2MW 


q = 


0.03 


= 66.7MW. 


Also 


(300 -290) -(292- 290) °C 

A r r _ v / v ' c o 

AT fm,CF-- — — -- 5 C 


in 


300-290 

292-290 


and, with P = 0 and R = °o, from Fig. 11.10 it follows that F = 1. Hence 


UFAT fm,CF 


6.67xl0 7 W 
1200W/m 2 Kxlx5°C 


A =11,100m 2 . 

(b) The water flow rate through the evaporator is 


m h 


6.67x10'W 


Cp,h(T h ,i-T h , 0 ) 4181 J/kg ■ K (300-292) 


< 


nth = 1994 kg/s. < 

COMMENTS: (1) From the e-NTU method, (C min /C max ) = 0, q max = 8.34 x I0 ? W, e = 0.80 and 

2 

from Fig. 11.16, NTU ~ 1.65, giving A = 11,500 m . (2) The required heat exchanger size is enormous 
due to the small temperature differences involved. 



PROBLEM 11.48 


KNOWN: Length and tube diameter for a shell-and-tube (one shell pass, multiple tube passes) heat 
exchanger. Flow rate and temperature of saturated steam. Condensation convection coefficient. 

Velocity and inlet and outlet temperatures of cooling water. 

FIND: (a) Required number of tubes and if the heat exchanger length is not to exceed 1.5 m, the number 
of tube passes; (b) Compute and plot water outlet temperature T Cj0 , and condensation rate, lit [-, as a 

function of the mean velocity for the range 0.5 < u m < 3 m/s, for the heat transfer area found from part 
(a), accounting for changes in the overall coefficient, but all other conditions remaining the same; and (c) 
Repeat the analysis of part (b) for tube diameters of 15 and 25 mm. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings and changes in kinetic and potential energy, 
(2) Negligible tube wall conduction and fouling resistances, (3) Constant properties, and (4) The shell- 
side coefficient h Q remains unchanged for the operating conditions examined. 

PROPERTIES: Table A.6, Sat. water (340 K): h fg = 2.342 x 10 6 J/kg; Sat. water (T c = 297 K): p = 998 
kg/m 3 , c p = 4180 J/kg-K, p = 917 x 10 6 kg/s m, k = 0.609 W/m-K, Pr = 6.3. 

ANALYSIS: (a) The required heat rate is 

q = m h h fg = 2.73kg/s(2.342X10 6 j/kg) = 6.39xl0 6 W . 

Hence, from conservation of energy, 

m c = q/[ c p, c (T c o -T cJ )] = 6.39X10 6 W/4180j/kg- K(12K) = 127.5kg/s. 

Hence the number of tubes is 

N = m c /m Cit = m c j pu m = 4x 127.5 kg/s/;r (0.019m)“ 998 kg/m 3 (1.5m/s) = 300. ^ 

To determine the heat transfer surface area A, use the £ - NTU method. Find first 

Re D =pu m D/p =998kg/m 3 (l.5m/s)(0.019m)/917xl0“ 6 kg/s m = 31,017 
and using the Dittus-Boelter equation, 

^ = (k/D) 0.023Rep/ 3 Pr 0 ' 4 = (0.609 W/m-K/0.019m)0.023(31,017) 4/5 (6.3) 0 ' 4 = 6034w/m 2 • K 
U = [l/hj + l/h 0 ] _1 = [(1/6034) + (1/12,500)] _1 w/m 2 • K = 4070 w/m 2 • K . 


Continued... 



PROBLEM 11.48 (Cont.) 


With C mn = m c c p , c - 127.5 kg/s(5180 J/kg-K) = 5.33 x 10 5 W/K 

£ = q/qmax = q/C m in Ki -T c>i ) = 6.39xl0 6 w/5.33xl0 5 W/K(49K) = 0.245 . 
Hence, with C r = 0, Eq. 11.36b yields NTU = -ln(l - e) = -ln(l - 0.245) = 0.281, 

A = NTU(Cjuin/U) = 0.28l(5.33xl0 5 W/K/4070w/m 2 ■ k) = 36.8m 2 

The tube length, L, in terms of the number of tubes, N, and passes, P, is 
L = A/N-PttD 
and if P = 2, 

L = 36.8m 2 /300x2x7rx0.019m = 1.03m < 

which is less than the maximum length 1.5 m. 

(b) Using the IHT Heat Exchanger Tool, All Exchangers, C r = 0, the Properties Tool for Water, and the 
Correlations Tool, Forced Convection, Interned Flow, for Turbulent fully developed conditions, a model 
was developed following the foregoing analysis to compute T c 0 and lit ^ as a function of u m with A = 
36.8 m 2 as determined from part (a). The plot is shown below with the results for part (c). 

(c) The IHT model was used to compute and plot T Cj0 and lit ^ as a function of u m for tube diameters of 
15, 19, and 25 mm. 




- D = 15 mm 

—e— D = 19 mm 
—D = 25 mm 


The effect of tube diameter on T Cj0 as a function of the water flow rate is significant. As D increases at 
any flow rate, the outlet temperatures decreases. The effect of tube diameter on the condensation rate is 
slight. However, the condensation rate increases markedly as the water flow rate increases. 





PROBLEM 11.49 


KNOWN: Shell(l)-and-tube (two passes, p = 2) heat exchanger for condensing saturated steam at 1 atm. 
Inlet cooling water temperature and mean velocity. Thin-walled tube diameter and length prescribed, as 
well as, convective heat transfer coefficient on outer tube surface, h Q . 

FIND: (a) Number of tubes/pass, N, required to condense 2.3 kg/s of steam, (b) Outlet water 
temperature, T c o , (c) Maximum condensation rate possible for same water flowrate and inlet temperature, 
and (d) Compute and plot T c o and the condensation rate, lit [-, , for water mean velocity, u m , in the range 1 

< u m < 5 ms/, using the heat transfer surface area found in part (a) assuming the shell-side convection 
coefficient remains unchanged. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Negligible thermal resistance due to the tube walls. 

PROPERTIES: Table A.6, Saturated steam (1 atm): T sa , = 100°C, h fg = 2257 kJ/kg; Water (assume T Cj0 
- 25°C, T m = (T h + T c )/2 - 295 K): p = l/v f = 998 kg/m 3 , c c = c p , h = 4181 J/kg-K, p = p f = 959 x 10 6 
N s/m 2 , k = k f = 0.606 W/m-K, Pr = Pr, = 6.62. 

ANALYSIS: (a) The heat transfer rate for the heat exchanger is 

q = m h hfg =2.3kg/s x 225 7xl 0 3 j/kg = 5. 191xl 0 6w (1) 


Using the e-NTU method, evaluate the following parameters: 

Water-side heat transfer coefficient: 

Re D - ^ .- 3.5 m/sx0.014• _ 50>993 

M/P 959x10 0 N-s/rn /998kg/ nr 


hj = — Nu D = —0.023Re/: Pr = 
1 D D D 


0.8 D 1/3 0.606 W/m-K 


0.014m 


x0.023(50,993)°' 8 (6.62) 1/3 = 10,906 W/m 2 -K(3) 


using the Colburn equation for fully developed turbulent conditions. 

Overall coefficient: 

U = (l/hj +l/h 0 ) _1 = (1/10,906 + 1/21,800)“ 1 = 7269w/m 2 -K (4) 

Effectiveness relations: With C min = C c and m c = p(7tD 2 /4)u m N, 

9 = ^9max = ^min (Tpp — T c j) (5) 

c min =ril c c c =998kg/m 3 (k xO.OU 2 m 2 /a}x3.5 m/sx Nx4181 j/kg • K = 2248N (6) 


Continued... 



PROBLEM 11.49 (Cont.) 


5.191x10 6 W = £x2248N(100-15)K 

eN = 27.17 (7) 

From Eq. 11.36a with C r = 0, the effectiveness is 

£ = l-exp(-NTU) = l-exp(-0.142) = 0.132 (8) 


where, using A s = TtDLNP, NTU is evaluated as, 

UA„ 7269W/m 2 K(7rx0.014mx0.5m)Nx2 

NTU =-5- =-------= 0.142 

C • 2248 N 

'■'min z.z.^+o in 

Hence, using Eq. (7), the required number of tubes is 

N = 27.17/e = 205.8 ~ 206 
and the total surface area is 

A s = ;rDLNP = K x 0.014 m x 0.5 m x 206 x 2 = 9.06 m 2 . 

(b) The water outlet temperature with 0™ = 2248 N = 463,090 W/K, 

T c,o = T c ,i +q/C min = 15°C + 5.191xl0 6 W/463,090 W/K = 26.1°C 


< 


< 


(c) The maximum condensation rate will occur when q = q max . Hence 

_ 9max _ C min (T h ,i -T c>i ) _ 463,090 W/K(100-15)K 
m h,max - , , “ o , 

h fg h fg 2257 xl(r j/kg 


17.44 kg/s. 


< 


(d) Using the IHT Heat Exchanger Tool, All Exchangers, C r = 0, along with the Properties Tool for 
Water, the foregoing analysis was performed to obtain T h , 0 and m h using the heat transfer surface area A s 

2 r* 

= 9.06 m (part a) as a function of u m . 


35 


30 

25 

20 

15 


10 

1 2 3 4 5 

Water mean velocity, um (m/s) 

—©— Outlet temperature, Too (C) 

—A— Condensation rate, mdoth*10 (kg/s) 

Note that the condensation rate increases nearly linearly with the water mean velocity. The cold water 
outlet temperature decreases nearly linearly with u m . We should expect this behavior from energy 
balance considerations. Since h h is nearly two times greater than h c , U is controlled by the water side 
coefficient. Hence U will increase with increasing u m . 

COMMENTS: Note that the assumed value for T m to evaluate water properties in part (a) was a good 
choice. 





PROBLEM 11.50 


KNOWN: Feed water heater (single shell, two tube passes) with inlet temperature 20°C supplies 
10,000 kg/h of water at 65°C by condensing steam at 1.30 bar. Overall heat transfer coefficient is 
2000 W/m 2 K. 

FIND: (a) Required area using LMTD and NTU approaches, (b) Steam condensation rate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties. 

PROPERTIES: Table A-6, Steam (1.3 bar, saturated): T^ = 380.3 K, hf g = 2238 x 10 3 J/kg-K; 

Table A-6, Water (T c =316 K): c p = 4179 J/kg-K. 

ANALYSIS: (a) Using the LMTD approach, from Eqs. 11.14 and 11.18, 

A=q/UFAT fm>CF AT i , m>CF =[AT 1 -AT 2 ]/<n(AT 1 /AT 2 ) (1.2) 

AT('m,CF = [(380.3 - 338) - (380.3-293)]K/In = 62. IK. 

Since T^ is uniform throughout the HXer, F = 1. From an energy balance on the cold fluid, 

q = mcC nc (T c o- T ci ) = 1Q,Q0Q —X4179—(338-293)K = 5.224xl0 5 W. 

^ P’C' c ’° 0,1 ' 3600 s kg-K V ’ 

Substituting numerical values into Eq. (1) find that 

A = 5.224xl0 5 W/2000W/m 2 -Kxlx62.1K = 4.21m 2 . < 


Using the NTU approach, recognize that C ni j n = C c and C max = Ch —> 00 so that C ni i n /C max = 0. 
effectiveness, defined by Eq. 11.20, is 

t= q Cc(t.o-T c .i) (338-293) K ^ 

9max C lnin (T h>i -T Cii ) (380.3-293)K 

From Fig. 11.16, with e = 0.52 and C mm /C max = 0, find NTU = 0.70. Hence, 


A=Cmin NT U/U 


(l0,000)/(3600)kg/sx4179J/kg - KxO.70 _ 4 2 

2000 W / m 2 ■ K 


(b) The condensation rate of steam is 

m h =q/h fg =5.224xl0 5 W/^2238xl0 3 J/kgj =0.233 kg/s =840 kg/h. 


The 


< 


< 


COMMENTS: Note both methods of solution given the same result. Eq. 11.31 could have been 
used to obtain a more precise NTU value. 



PROBLEM 11.51 


KNOWN: Shell-and-tube HXer with one shell and one tube pass. 

FIND: (a) Oil outlet temperature for prescribed conditions, (b) Effect of fouling and water flowrate on 
oil outlet temperature. 


SCHEMATIC: 


N t = 100 copper tubes,- 
L = 0.5 m 
D 0 = 8 mm, 

Dj = 6 mm, ^/7 = 500W/m 2 K I foii x 

R" fo = 0.0003 m 2 -K/W (Part b) 0 1 ^ y 



ASSUMPTIONS: (1) Constant properties, (2) Negligible changes in kinetic and potential energies, (3) 
Negligible fouling and losses to surroundings, (4) Uniform tube outer surface temperature. 


PROPERTIES: Table A.5, Engine oil (T h - 350 K): p h = 854 kg/m 3 , c p , h = 2118 J/kg-K, p h = 0.0356 
N-s/m 2 , k h = 0.318 W/m-K, Pr h = 546; (T s = 330 K): p s = 0.0836 N-s/m 2 ; Table A.6, Water (T c =320 
K): c p , c = 4180 J/kg-K; Table A. 1, Copper (T » 320 K): k = 399 W/m-K. 

ANALYSIS: (a) To determine the outlet temperature of the oil, we will need to know the overall heat 
transfer coefficient. From Eq. 11.5, 

1 _ 1 | ln ( D o/ D i) [ R f.o [ 1 (1) 

UA hjAj 27rkL t A 0 h 0 A 0 


where h D = 500 W/m -K (water-side) and hj (oil-side) must be estimated from an 
Using properties evaluated at an estimated average mean temperature » 350 


Re D,h - 


4m 


h,l 


4x(lkg/s/l00) 


^ D iJ*h n (0.006m)x0.0356N-s/m 2 


= 59.6. 


appropriate correlation. 
K, find 


( 2 ) 


Since Re D < 2300, the flow is laminar. To assess flow conditions, evaluate 


Gz 1 = 


L/Dj 


Re n h Pri 


D,h "h 


0.5m/0.006m 
59.6x546 


= 0.00256 


Since Gz 1 < 0.05, the flow is characterized by combined entry length conditions (Fig. 8.9), and 


Nu D =1-86 


^ Re D Pr ^ 1/3 ^ 

L/D 


JL 


\0.14 


where [ ] > 2. To evaluate p s , assume T s « 330 K. Hence, 


Nu d =1-86 


(0.00256) 


-1/3 


0.0356 

0.0836 


\0.14 


= 1.86x6.48 = 12.1 


Note that [ ] = 6.48 > 2 as required. Hence, 


(3) 


(4) 


Continued... 




PROBLEM 11.51 (Cont.) 


hj = Nu D ^ = 12.lx0.138 W/m- K/(0.006 m) = Til w/m 2 - K . 
With Rf 0 =0 and L t = N t L, Eq. 1 yields 


1 


1 


UA 7rN t L 


1 | ln(D 0 /Di) | 1 


hiDi 


2k 


h 0 Do j 


( 5 ) 


UA n x 100 x 0.5 m 


■/( 


1/ 500W/m"Kx0.008m 


) + ln(8/6)/(2x399W/ m- K ) +1/ ^ 


277 W/ m • Kx 0.006 m 


-= 6.366x10 3 [0.2500 +0.0003+ 0.60171 = 5.424x10 3 K/W 

UA 

UA= 184 W/K 

With knowledge of UA, we can now use the £ - NTU method to obtain the oil outlet temperature, T h , 0 . 
Find the capacity rates, C = mCp, 

C c = m c c p ,c = 2 kg/s x 4 i 80 J/kg • K = 8360 W/K = c ma x 

C h =m h c ph =lkg/sx2118J/kg-K = 2118W/K = C niin 

C r = C min / C max = 2118/8360 = 0.253 
From Eq. 11.25, find 

NTU = UA/C min =184W/K/(2118 W/K) = 0.0869. (6) 

For this exchanger - one shell and one pass - there are no figures (11.14-19) or relations (Table 11.3) that 
can be directly used to evaluate £. However, the HXer approximates a CF concentric tube HXer; hence, 
use Eq. 11.30a. 

1 - exp [-NTU (1 - C r )1 1 - exp [-0.0869 (l - 0.253)1 

£ =- ' = -— f -^— = 0.0824 (7) 

1 - C r exp [-NTU (1 - C r )] 1 - 0.253exp [-0.0869 (l - 0.253)] 

From the definition of effectiveness, 

q (t^ i — Tjj 0 ) 

£ =--— = --- — 

9max C m j n (Th j — T c j ] 

T h,o = T h,i - £ ( T h,i -T c j) = 140°C-0.0824(140-15)° C = 129.7°C < 

The foregoing result indicates that Th = 408 K, which is much larger than the assumed value of 350 K. 
Since the properties of oil depend strongly on temperature, they should be re-evaluated and the foregoing 
calculations repeated until convergence is achieved. Using the Correlations , Properties and Heat 
Exchangers Toolpads of IHT, we obtain h, = 226 W/m 2 K, UA = 159 W/K, £ = 0.064, and T hj0 = 132°C. 


Continued 




PROBLEM 11.51 (Cont.) 


(b) If the foregoing calculations are repeated with R" 0 = 0.0003 m-K/W, there is only a slight increase 

in the oil outlet temperature to T h , 0 = 132.3°C. The effect is small because the fouling resistance is 
approximately an order of magnitude smaller than the convection resistances. As shown below, 



Water flowrate, mdotc(kg/s) 


—•— R"fo = 0 
—*— R"fo = 0.0003 m A 2.K/W 


the effect of the water flowrate is also small, because, even for m c = 1 kg/s, T Cj0 is only approximately 
4.5°C larger than T c i . Although the effect of m c on h 0 has not been considered, it would also be small 
since the water-side convection resistance is substantially larger than the oil side resistance. 

COMMENTS: In Part (a), note that the Nusselt number for the oil entrance region flow is 12.1/3.66 ~ 
3.3 times that for fully developed flow. 




PROBLEM 11.52 


KNOWN: Shell-and-tube heat exchanger with one shell pass and 20 tube passes. 
FIND: Average convection coefficient for the outer tube surface. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible changes in kinetic and 
potential energies, (3) Constant properties, (4) Type of oil not specified, (5) Thermal resistance of tubes 
negligible; no fouling. 

PROPERTIES: Table A-6, Water, liquid (T h = 330 K): c p = 4184 J/kg-K, k = 0.650 W/m-K, p = 489 
x 10' 6 N-s/m 2 , Pr = 3.15. 

ANALYSIS: To find the average coefficient for the outer tube surface, ho, we need to evaluate hj for 
the internal tube flow and U, the overall coefficient. From Eq. 11.5, 


1 


1 


- + - 


1 


1 


UA fqAj h 0 A 0 N t 7tL 


1 


-+• 


1 


IfiDj h 0 D 0 


where N t is the total number of tubes. Solving for ho, 

-1 

(UA) N t 7tL-l/hjDj 


-1 


(1) 


Evaluate hj from an appropriate correlation; begin by calculating the Reynolds number. 

4 ihh 4x0.2 kg/s 


Re D,i 


^Dik 1 ji (0.020m)489xl0 _6 N-s/nU 


: 26,038. 


Hence, flow is turbulent and since L » Dj, the flow is likely to be fully developed. Use the Dittus- 
Boelter correlation with n = 0.3 since T s < T m , Nu r) = 0.023 Rep/ 5 Pr°' 3 

hj = —Nu d = °' 65Q W ' m - K x0.023(26,038) 4/5 (3.15) 03 = 3594 W/m 2 -K. (2) 

D 0.020m 

To evaluate UA, we need to employ the rate equation, written as 

UA =q/FAT/ n>CF (3) 

where q = m^ c p h (T^i - T| 10 ) = 0.2 kg/s x 4184 J/kg-K) (87-27)°C = 50,208 W and A T /|l ( -p = 

[A Ti - A T 2 ]/ in (A Tj/A T 2 ) = [(87 - 37) - (27 - 7)]°C/ in (87 - 37/27 - 7) = 32.7°C. Find F » 0.5 
using Fig. 11.10 with P = (27 - 87)/(7 - 87) = 0.75 and R = (7 - 37)/(27 - 87) = 0.50. Substituting 
numerical values in Eqs. (3) and (1), find 

UA = 50,208 W/0.5 x32.7°C = 3071W/K (4) 

-l 


h o =(0.024m) 1 (3071 W/K) 1 x20 xji x3m -1/3594 W / m 2 -K x 0.020m 


=878 W/m -K. < 


COMMENTS: Using the e-NTU method: find Ch and C c to obtain C r = 0.5 and £ = 0.75. From Eq. 
11.3 lb,c find NTU = 3.59 and UA = 3003 W/K. 




PROBLEM 11.53 


KNOWN: Engine oil cooled by air in a cross-flow heat exchanger with both fluids unmixed. 


FIND: (a) Heat transfer coefficient on oil side of exchanger assuming fully-developed conditions and 
constant wall heat flux, (b) Effectiveness, and (c) Outlet temperature of the oil. 


SCHEMATIC: 

™c -0. 5 3 kg Is 

(jEngine^ oij ^ 
mfj-O.OZbkgfs 


111111111II C 


=S3W/m*-K 



m* 


T h . = 75X 


-10mm 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible KE and PE changes, (3) 
Constant properties, (4) Oil flow and thermal conditions are fully developed, (5) Oil cooling process 
approximates constant wall flux conditions. 

PROPERTIES: Table A-5, Engine oil (assume T h , 0 - 45°C, T h = (45 + 75)°C/2 = 333 K): c h = 

2047 J/kg-K, p = 7.45 x 10' 2 N-s/m 2 , k = 0.140 W/mK; Table A-4, Air (assume T c . 0 » 40°C, T c = (30 
+ 40)°C/2 = 308 K, 1 atm): e c = 1007 J/kg-K. 

ANALYSIS: (a) For the oil side, using Eq. 8.6, find, 

Re D =4m/7tDp =4(0.026 kg/s)/(n(0.01m)7.45xl0 _2 N - s /m 2 ) =44.4 


Since Rep < 2000 the flow is laminar. For the fully-developed conditions with constant wall flux, 


Nu D =^=4.36, 


i k ,0.140 W/m-K 2 ^ 

h; =4.36—= 4.36-=61.0 W/m-K. < 

D 0.01m 


(b) The effectiveness can be determined by the e-NTU method. 

C h = m h c h = 0.026 kg/sx 2047 J/kg-K = 53.22 W/K 


CiTiin - Ch 


C c =m c e c = 0.53kg/sxl007 J/kg-K = 533.7 W/K C min /C max = 0.10 

NTU = UA/Cmin = 53 W / m 2 ■ Kxlm 2 /53.22 W / K = 1.00. 


Using Fig. 11.18, with C mm /C max = 0.1 and NTU = 1, find 8 ~ 0.64. < 

(c) FromEqs. 11.20 and 11.19, 

g q Ch (Thj ~Th,o) _ Th ) j-Th )0 

flmax Cnhn (Thj -T c i) T h,i _ T c,i 
Solving for T ho and substituting numerical values, find 

Th,o = T h ,i - e (T h ,i - T c j) = 75»C - 0.64(75 - 30)°C = 46.2»C. < 

COMMENTS: Note that the T| 1 value at which the oil properties were evaluated is reasonable. 



PROBLEM 11.54 


KNOWN: Shell-tube heat exchanger with one shell and single tube pass; Tube side: exhaust gas with 
specified flow rate and temperature change; Shell side: supply of saturated water at 11.7 bar; Tube 
dimensions and thermal conductivity, and fouling resistance on gas side, Rf jj, specified. 

FIND: Number of tubes and their length if the gas velocity is not to exceed u m j = 25 m/s. 

SCHEMATIC: 


Th,o 


91 cor 


Sat. water 

p = 11.7 bar 



Exhaust gas 

T hJ = 400°C 
rrih = 2 kg/s 


t 


One shell 

Single pass, N tubes, length L 
Dj = 50 mm, D 0 = 58 mm 
k = 40 W/m-K, u m j < 25 m/s 
R’f h = 0.0015 m 2 -K/W 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible losses to the surroundings and kinetic 
and potential energy changes, (3) Negligible water-side thermal resistance, (4) Exhaust gas properties 
are those of atmospheric air, (5) Gas-side flow is fully developed, and (6) Constant properties. 

PROPERTIES: Table A-4 , Air (T h = 581 K): p = 0.600 kg / m 3 , c = 1047 J / kg ■ K, 

V = 4.991xl0' 5 m 2 /s, k = 0.0457 W/m-K, Pr = 0.684. Table A-6, Water (11.7 bar, 
saturated): T c j = 460 K = 187°C. 

ANALYSIS: We’ll employ the NTU-e method to design the exchanger. Since C r = 0, use Eq. 
11.36b. 


NTU = -fn(l-e) 

where the effectiveness can be evaluated from Eqs. 11.19 and 11.20. 

C m in = C h = nih c h = 2 kg/ sx 1047 J /kg - K = 2094 W/ K 


^h (Th,i Th,o) 

(400-215)° C 

r 

'-mm 

( T h,i T c,i, 

) (400-187)° C 


0.868 


NTU = -h i(l - 0.868) = 2.029 
FromEq. 11.25, 

UA = C min ■ NTU = 2094 W / Kx 2.029 = 4249 W / K (1) 

Considering the gas-side flow rate and velocity criteria, find the number of tubes required as 

ihh = N - pjj ■ A c ■ u m< j = N -pi^TrDf /4ju m ^ 


Continued 




PROBLEM 11.54 (Cont.) 


2 kg / s = N x 0.6009 kg / m 2 x ;r(0.050 m) 2 / 4 x 25 m / s 

N = 67.8 tubes, specify 68 < 

The overall coefficient, considering the convection process, fouling resistance and the tube thermal 
resistance, is evaluated as 

Ui = 1 / [Rf,i + Rcv,i + R cd,t ] = 56.4 W / m 2 ■ K 
Rf i = 0.0015 m 2 K/W 


R cv,i =l /h i =1/62 W/m 2 K = 0.0161 m 2 K/W 


„ D; £n (D 0 / D;) 0.050 m fn(58/50) _ 5 2 

R cd,t = —-—- - = — ---^-- = 9.28 x 10 5 m 2 ■ K / W 


2k 


2x40 W/m K 


where the gas-side convection coefficient estimate is explained in the Comments section. Substituting 
numerical values, determine the required tube length 

[UA] = Uj ■ Aj = Uj (NTTDj L) 


4249 W/K = 56.4 W/m 2 Kx68x^x0.050 mxL 


L = 7.1 m < 

COMMENTS: (1) Is the assumption of negligible water-side thermal resistance reasonable? 
Explain why. 

(2) Knowing the tube gas-side velocity, the usual convection correlation calculation methodology is 

followed. The flow is turbulent, Rcp>j = 2.5 X 10^, and assuming fully developed flow, use the 

o 

Dittius-Boelter correlation, Eq. 8.60, to find Nup)j = 67.8 and hj = 62.0 W / m ■ K. 



PROBLEM 11.55 


KNOWN: Hot and cold gas flow rates and inlet temperatures of a recuperator. Overall heat transfer 
coefficient. Desired cold gas outlet temperature. 

FIND: (a) Required surface area, (b) Effect of surface area on cold-gas outlet temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential 
energy and flow work changes, (3) Constant properties. 

PROPERTIES: Given: c px = c P;h = 1040 W/m-K. 

ANALYSIS: (a) With C min = C c = 6.2 kg/s x 1040 J/kg-K - 6,448 W/K, C max = C h = 6.5 kg/s x 
1040 J/kg-K - 6,760 W/K, C r = C min /C max = 0.954, q = C c (T c , 0 - T c>i ) = 6,448 W/K (200 K) = 1.29 X 
10 6 W, q max = Cjjjin (T h;i - T c>i ) = 6,448 W/K (400 K) = 2.58 x 10 6 W, and e = q/q max = 0.50, Fig. 
11.18 yields NTU ~ 1.10. Hence 

A _ NTUxC min _ 1.10x6,448 W/K =?Q9 m 2 < 

u 100 W/m 2 ■ K 


(b) Using the Heat Exchanger option of IHT , the following result was obtained 



The air outlet temperature increases, of course, with increasing heat exchanger area, but the approach 
to the maximum possible outlet temperature, T^i, is slow and the heat exchanger size needed to 
achieve a large outlet temperature may be prohibitively expensive. 





PROBLEM 11.56 


KNOWN: Inlet temperature and flow rates for a concentric tube heat exchanger. Hot fluid outlet 
temperature. 

FIND: (a) Maximum possible heat transfer rate and effectiveness, (b) Preferred mode of operation. 


SCHEMATIC: 



Ethylene qlycol. 

_ 

-^h,o-60 CWafgF) l~ ct = 1S°C, m c - 0.-5kg Is 

~7Tifa- O.S'kgls 


ASSUMPTIONS: (1) Steady-state operation, (2) Negligible KE and PE changes, (3) Negligible heat 
loss to surroundings, (4) Fixed overall heat transfer coefficient. 

PROPERTIES: Table A-5 , Ethylene glycol (T m = 80°C): c p = 2650 J/kg-K; Table A-6, Water (T m 
- 30°C): c p = 4178 J/kg-K. 

ANALYSIS: (a) Using the e-NTU method, find 

Cmin = C h =m h c p?h =(0.5kg/s)(2650 J/kg-K) = 1325 W/K. 

Hence from Eqs. 11.19 and 11.6, 

qmax=C ra i„(T h ,i-T c , i ) = (1325W/K)(100-15)”C=l. 13xl0 5 W. 


q = m h Cp^(T h ,i - T ho ) = 0.5 kg/s (2650J/kg ■ K)(100-60)°C = 0.53xl0 5 W. < 
Hence from Eq. 11.20, 

8 =q/q max =0.53xl0 5 /1.13X10 5 =0.47. < 

(b) From Eq. 11.7, 


l c,o 


: Tc,i +' 


H5°C + - 


0.53x10 s 


m c c p,c 


0.5kg/sx4178J/kg-K 


:40.4°C. 


Since T c o < T| 10 , a parallel flow mode of operation is possible. However, with (C mm /C max ) = (in | 1 
^p.h/rhc Cp,c) = 0.63, 


Fig. 11.14 (NTU)p F = 0.95 Fig. 11.15 (NTU) CF - 0.75. 

Hence from Eq. 11.15 

( A cf / A pf ) = (NTU) Cp /(NTU) pF - (0.75/0.95) = 0.79. 


Because of the reduced size requirement, and hence capital investment, the counterflow mode of 
operation is preferred. 



PROBLEM 11.57 


KNOWN: Single-pass, cross-flow heat exchanger with both fluids (water) unmixed; hot water enters 
at 90°C and at 10,000 kg/h while cold water enters at 10°C and at 20,000 kg/h; effectiveness is 60%. 


FIND: Cold water exit temperature, T c Q . 

SCHEMATIC: 




ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties. 

PROPERTIES: Table A-6, Water (T c = (10 + 40)°C/2 = 300 K): e c = 4179 J/kg-K; Table A-6, 
Water ( T h - (90 + 60)°C/2 = 350 K): c h = 4195 J/kg-K. 

ANALYSIS: From an energy balance on the cold fluid, Eq. 11.7, the outlet temperature can be 
expressed as 

T C;0 = T c i +q/m c C c . 

The heat rate can be written in terms of the effectiveness and q tmx . Using Eqs. 11.20 and 11.19, 

0 = e Omax = e C m j n (T^ j — T c j j. 

By inspection, it can be noted that the hot fluid is the minimum capacity fluid. Substituting numerical 
values, 

q =£ (thh c h )(T h ,i ~T c i ) 

q = 0.60(10,000kg/h/3600s/h)4195J/kg K (90 — 10)°C = 559.3xl0 3 W. 

The exit temperature of the cold water is then 

T c 0 =10°C+559.3xl0 3 W/^^kg/sx4179J/kg-K = 34.rC. < 

C ’° 3600 


COMMENTS: (1) The properties of the cold fluid should be evaluated at T = (T c o + T CJ )/2 = (34.1 
+ 10)°C/2 = 295 K. Note the analysis assumed T c ~ 300 K, hence little error is incurred. For best 
precision, one should check T| 1 and Ch- 


(2) From Fig. 11.18, the value of NTU could be determined. First evaluate the term 

^ r' — 10,000x4195 _ n CA 

C mm /C max -mhCh/m c C c - 2() ()00x4179 _ °' 5 ° 


and with £ = 0.60, find NTU ~ 1.2. 



PROBLEM 11.58 


KNOWN: Hxer consisting of 32 tubes in 0.6m square duct. Hot water enters tubes at 150°C with 

3 

mean velocity 0.5 m/s. Atmospheric air at 10°C enters exchanger with volumetric flow rate of 1 m /s. 

2 

Heat transfer coefficient on tube outer surfaces is 400 W/m K. 


FIND: Outlet temperatures of the fluids, T c 0 and G . 


SCHEMATIC: 

Ca£) 

p-latm 
¥ c =i m*/s 
T=10°C 


t> 

■> 

■o 


T C J 


r 

"oo 

c,o 


■Tube : L-O.bm t N 
h 0 = 400 \A//m z K 
T h =150°C 

u m = OS m/s 

Dj -lO.Zmm 
D 0 ~ lZSmm 


= 32 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible potential and kinetic energy 
changes, (3) Constant properties, (4) Hxer is a single-pass, cross-flow type with one fluid mixed (air) 
and the other unmixed (water), (5) Tube water flow is fully developed, (6) Negligible thermal 
resistance due to tube wall. 

PROPERTIES: Table A-4, Air (T ci = 10°C = 283 K, 1 atm): p = 1.2407 kg/m 3 ; Table A-4, Air 
(assume T c o » 40°C, T c = (10 + 40)°C/2 = 298 K, 1 atm): c p = 1007 J/kg-K; Table A-6, Water 
(assume T h , 0 - 140°C, T h = (140 + 150)°C/2 = 418 K): p = l/v f = 1/1.0850 x 10' 3 m 3 /kg, c p = 4297 
J/kg-K, p f = 188 x 10' 6 N-s/m 2 , k f = 0.688 W/m-K, Pr f =1.18. 


ANALYSIS: Using the e-NTU method, first find the capacity rates. 

Ch = I ^ 1 h c p,h = (P A c u m)j 1 ^' c p,h 

i 7r / o \2 yyi T \\7 

c h =-—.-x- 10.2xl0 _J m x0.5—x32x4297 —-— = 5178— 

1.0850xl0 _J m J /kg 4 V ’ s kg-K K 


C c =m c c p;C =(pV) r c 


p,c 


= 1.2407-^-xlm 3 /sxl007J/kg-K =1249—. 
■ K 


( 1 , 2 ) 


nr 


Note that the cold fluid is the minimum fluid, C c = C ni i n . The overall heat transfer coefficient follows 
fromEq. 11.5, 


U 0 A 0 


I 


H- 

ho A o 


(3) 


where hj must be estimated from an appropriate internal flow correlation. The Reynolds number for 
water flow is 


Re D 


P u m D i 

(J 


1/I.0850xl0 _3 m 3 


'kg jx02 


5m/sx 10.2x10 J m 


188xl0 _6 N- s/m 2 


- 25,002. (4) 


Continued 





PROBLEM 11.58 (Cont.) 

-3 

The flow is turbulent and since L/Dj = 0.6m/10.2 x 10 m = 59, fully developed conditions may be 
assumed. The Dittus-Boelter correlation with n = 0.3 is appropriate. 


Nu d = = 0.023Ref: 8 Pr 0 ' 3 = 0.023(25,002 )°‘ 8 (1.18) 0,3 = 79.7 

k u 

, k 0.688W/m K nnn 2 ,, 

hj = — Nup) = - - - X79.7 = 5376W/trr ■ K. 

Di 10.2xl0 _3 m 


Substituting numerical values into Eq. (3), find 


U G = 


12.5mm 

10.2mm 


-+- 


5376W/m 2 ■ K 400W/m 2 ■ K 


-1 


366.6W/m 2 ■ K. 


It follows from Eq. 11.25, with A 0 = N(7tD 0 L), that 

:(32x7txl2.5xl0~ 3 mx0.6m)/1249— = 0.22. 


NTU = U ° A ° = 366.6 I 


C 


min 


m 2 ■ K 


From Fig. 11.19, noting that C mui = C c is the mixed fluid (solid curves), 
Cmixed _ ^min _ Qy _ 1249W/K 


0.24 

Cunmixed C max Cp 5178W/K 
and with NTU = 0.22 find £ = 0.19. From the definition of effectiveness, Eq. 11.20, 
q C c (T c , 0 —T c ,i) 

Omax C min (Th,i j) 

T c ,o = T c ,i +e (T h)i -T c j) = 10°C +0.19 (150 -10) °C = 36.6°C. 
Equating the energy balances on both fluids, 

Cc (Tc,o _ Tc,i) = Cp (Tp j -Tp o j 


or 


T h,o- T h,i „ C ( T c,o T c,i) 
c h 

1 249W/K 

T h 0 = 150°C--—-—(36.6 -10)°C = 143.5°C. 

5178W/K 


COMMENTS: (1) Note that the assumptions of T| U) and T c 0 used in evaluating properties are 
reasonable. 

(2) Note that to calculate m c from V, the density at 10°C is more appropriate than at T c . 



PROBLEM 11.59 


KNOWN: Flow rates and inlet temperatures of exhaust gases and combustion air used in a cross- 
flow (one fluid mixed) heat exchanger. Overall heat transfer coefficient. Desired air outlet 
temperature. 

FIND: Required heat exchanger surface area. 


SCHEMATIC: 


xhaust gases 

X^ttook 

TTifj -lSkgjs 


A/r^> lc.i = 300K 
T ' -10 kg/s 



^T C o- &50K 


Cross flow fixer, 
air mixed, 

U = lOOW/m*-K 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss to surroundings, (3) Negligible 
kinetic and potential energy changes, (4) Constant properties, (5) Gas properties are those of air. 

PROPERTIES: Table A-4, Air (T m « 700 K, 1 atm): c p = 1075 J/kg-K. 

ANALYSIS: From Eqs. 11.6 and 11.7, 

riip c n p x lOktr/s 

Th,o = T h ,i - —■~^~(Tc,o - T^,i) = 11 00K - —£- (850 - 300) K = 733K. 
m h c p,h 'J ^g/s 

From Eqs. 11.15, 11.17 and 11.18, 

( T h i —T c o) _ ( T h o _T ci) 250-433 

AT fm = F V - ^ V —=r = F——————— = Fx333K. 

*>[(T h ,i -T Ci0 )/(T h>0 -T ci )] in(250/433) 

From Fig. 11.13, with R = (300 - 850)/(733 - 1100) = 1.50 and P = (733 - 1100)/(300 - 1100) = 0.46, 
F = 0.73. With 

q = m h c p ,h(Th,i - T h o ) =15kg/sxl075J/kg ■ K(367K) = 5.92xl0 6 W 


it follows from Eq. 11.14 that 


A = 


5.92xl0 6 W 

100W/m 2 Kx0.73(333K) 


= 243m 2 . 


< 


COMMENTS: Using the effectiveness-NTU method, from Eq. 11.22 


£ = 


T - T • 

*C,0 1 C,1 


(850-300)K 
Th,i-T c ,i ” (1100 - 300) K 


: 0.688. 


Hence, with C m j xet |/C unm j xe d = C c /Ch = 0.67, Fig. 11.19 gives NTU ~ 2.3. From Eq. 11.25, 


A =NTU 


C 


min 

U 


2 3 10 kg/sx!075 J/kg - K ^ 247m 2 
100 W / m 2 ■ K 



PROBLEM 11.60 


KNOWN: Dimensions, configuration and material of a single-pass, cross-flow heat exchanger. Inlet 
conditions of inner and outer flow. Fouling factor of inner surface. 


FIND: (a) Percent fuel savings for prescribed conditions, (b) Effect of UA on air outlet temperature and 
fuel savings. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings and potential and kinetic energy changes, (2) 
Air properties are those of atmospheric air at 300 K, (3) Gas properties are those of atmospheric air at 
1400 K, (4) Tube wall temperature may be approximated as 800 K for treating variable property effects. 

PROPERTIES: Table A.4, Air (1 atm, T = 300 K): v = 15.89 x 10 6 m 2 /s, c p = 1007 J/kg-K, k = 0.0263 
W/m-K, Pr = 0.707; (T = 1400 K): p = 530 x 10 7 kg/s-m, c p = 1207 J/kg-K, k = 0.091 W/m-K, Pr = 
0.703; (T = 800 K): p = 370 x 10 7 kg/s-m, Pr = 0.709. 

ANALYSIS: (a) With capacity rates of C c = m c c p c = 1 kg/s x 1007 J/kg-K = 1007 W/K = C min and C h 
= mpc p h = 1-05 kg/s x 1207 J/kg-K = 1267 W/K = C n , ax , C mm /C max = 0.795. The overall coefficient is 


1 

UA 


1 Rf.i ln(D 0 /Di) 1 
-+ —— +— , + 


(2^kL)N h 0 A c 


For flow through a single tube, 

4rhu 4xl.05kg/s 

Re D =-=- ±L__ -= 5733 . 

N ^ D i^ 80 tt( 0.055m)530x10 7 kg/s-m 

Assuming fully developed turbulent flow throughout and using the Sieder-Tate correlation, 

Nu d =0.027ReD 5 Pr 1/3 (p/p s )°' 14 = 0.027 (5733) 4/5 (0.703) 1/3 (530/370)°' 14 = 25.6 
^ =Nu D k/Di =25.6(0.091 W/m-K)/0.055m = 42.4 w/m 2 -K. 


For flow over the tube bank, 

V ma x = [S T /(S T - D 0 )] V = [0.12 m/(0.12 - 0.08) m] 1 m/s = 3 m/s 
VmaxD n 3m/s(0.08m) 

o ^ _ max o /v / _ i c i aa 


41, max 


15.89x10 6 m 2 /s 


= 15,100 


From the Zhukauskas correlation for a tube bank, 

Nud =0.27 (15,100)°' 63 (0.707)°' 36 (0.707/0.709) 174 = 102.3 

h 0 = Nu D (k/D 0 ) = 102.3 (0.0263 W/m K)/0.08 m = 33.6 w/m 2 - K. 
Hence, based on the inner surface, the overall coefficient is 


Continued... 



A T', * 

— = ~ + Rf,i + 


l _ l 

1 

ui 


PROBLEM 11.60 (Cont.) 

Dj In (D 0 /Dj) Dj 


2k 


D o h o 


( 


0.0236 + 0.0002 + 


0.055 In (0.08/0.055) 0.055 


v 


40 


0.08x33.6 


m 


•K/W 


Ui = 


(0.0236 + 0.0002 + 0.0005 + 0.0246) m 2 • K/W 


-i-l 


= 22.3W/m -K. 


Hence, (UA). = UjN^DjL = 22.3 w/m 2 Kx 80^ (0.055 m) 1.4m = 432 W/K. The number of transfer 

units is then NTU - UA/C min = 432 W/K/1007 W/K - 0.429, and with Cmxed/C un mixed - C c /Ch = C mm /C max 
0.795, Fig. 11.19 yields e » 0.3 or, from Eq. 11.35 a, 

£ = 1 - exp (—CjT 1 {l - exp [-C r • NTU]}) = 0.305. 


Hence, with 

qmax=C mi n(T h ,i-T c4 ) = 1007W/K(ll00K) = l.llxl0 6 W 

q = £q max = 0.305 X1.1 lx 10 6 W = 337,800 W 

T c,o =T c ,i+q/Cmin = 300K + (337.800W/1007 W/K) = 635 K . 

Hence, 


% fuel savings = FS = (AT C /l0K)xl% = (335 K/l0K)xl% = 33.5% < 

(b) Using the Heat Exchangers Toolpad of IHT to perform the parametric calculations, the following 
results are obtained. 



Significant benefits are derived by increasing UA, with values of T c o = 716 K and FS = 41.6% obtained 
for UA = 600 W/K. The major contributions to the total resistance are made by the inner and outer 
convection resistances. These contributions could be reduced by using extended surfaces on both the 
inner and outer surfaces. 

COMMENTS: For part (a), properties of the flue gas should be evaluated at (T h ,; + T h , 0 )/2 and the 
calculations repeated. The Colburn equation yields 

Nu d = 0.023 Rep 5 Pr 1/3 =20.8 
which is 19% less than the result of the Sieder-Tate correlation. 





PROBLEM 11.61 


KNOWN: Rate of thermal energy production in combustor and transfer to load in furnace. Cold air and 
flue gas flowrates and specific heats in recuperator. Recuperator cold air inlet temperature. 

FIND: Recuperator hot gas inlet and outlet temperatures and air outlet temperature for a recuperator 
effectiveness of £ = 0.3. Value of £ needed to achieve a recuperator outlet temperature of 800 K. 


SCHEMATIC: 



kg/s 


ASSUMPTIONS: (1) Negligible flowwork and potential and kinetic energy changes, (2) Constant 
properties, (3) Negligible effect of fuel addition on flowrate. 


PROPERTIES: Air and gas: c p , c - c p , h - 1200 J/kg-K. 

ANALYSIS: With C c = Q, = C mm . the effectiveness of the recuperator, £ = q/q max , may be expressed as 
_ C c (T co -T ci ) _ T c , q - 300K _ o3 
Cmi n (T h)i -T C)i ) T hi -300K 


The unknown temperatures, T c o and T h ,i, are also related through an energy balance performed on the air 
entering the combustor and leaving the furnace. Specifically, 

C(Th,i ~T c o ) = q com b ~ qioad =0.6x10 W 


where C = 1 kg/s x 1200 J/kg-K = 1200 W/K. Solving the foregoing equations, we obtain 

Tjj j = 1014 K T c o = 514 K < 

Expressing the effectiveness as 

C|i(T h .i-T h .o) 1014K ~ T h.o 
CminOhJ—T cJ ) 714K 


we also obtain T h , 0 = 800 K. ^ 

For a combustor air inlet temperature of T c o = 800 K and T hj = 1014 K, the required effectiveness is 


T c ,o-T c ,i _ (800-300) K 
T hi -T c i ~~ (1014-300) K 


COMMENTS: The effectiveness of the recuperator may be increased by increasing NTU and hence 
UA, as, for example, by increasing the number of tubes. 






PROBLEM 11.62 


2 

KNOWN: Single-shell, two-tube pass heat exchanger with surface area 0.5 m and overall heat 

2 

transfer coefficient of 2000 W/m K; saturated steam at 100°C condenses on one side while water at a 
flow rate of 0.5 kg/s enters at 15°C. 


FIND: (a) Outlet temperature of the water, T c _ 0 , (b) Rate of condensation of steam, hi | v 

SCHEMATIC: 



7 > 


Ch >°° - ~T k =100Z 

A-0.Sw z 

^ (1=2000Yi/m^K 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible, kinetic and potential energy 
changes, (3) Constant properties. 

PROPERTIES: Table A-6, Steam (100°C, 1 atm): h fg = 2257 kJ/kg; Table A-6, Water ( T c = (15 + 
35)°C/2 - 300 K): c c = 4179 J/kg-K. 

ANALYSIS: (a) Using the e-NTU method of analysis, recognize that the minimum capacity fluid is 
the cold fluid since for the hot fluid, Q-, —» °o. See Fig. 11.9a. That is, 

Cmin =m c c c =0.5 kg/sx4179 J/kg■ K = 2090 W / K. 

It follows also that, 

NTU=AU/C min = 0.5m 2 x2000W/m 2 K/2090W/K =0.48. 

Using NTU = 0.48 and C mm /C max = 0, find from Fig. 11.16 that £ = 0.39. Since m c is the minimum 
fluid, from Eq. 11.22 

e = (Tc,o _ T c ,i)/ (T h ,i -T c j j 

T c ,o = T c ,i +e (T h ,i -T c j) = 15 °C +0.39 (100 -15) °C = 48.2°C. < 

(b) The rate of steam condensation can be expressed as 

m h =q/hf g - 

FromEqs. 11.19 and 11.20 

9 = e 9max = e ^-min (^h,i i) 
q =0.39x2090W/K(l00 —15)K= 69.284W. 

Hence, the condensation rate is 

m h =69,284W/2257xl0 3 J/kg =0.031kg/s. < 

COMMENTS: (1) Be sure to recognize why Q, -+ c>o. Note also that m c » in| 1 . 


(2) Note that T c = (T c ; + T c 0 )/2 = (15 + 48.2)°C/2 ~ 305 K. This compares favorably with the value 
of 300 K at which properties of the cold fluid were evaluated. 




PROBLEM 11.63 


KNOWN: Concentric tube heat exchanger with prescribed conditions. 

FIND: (a) Maximum possible heat transfer, (b) Effectiveness, (c) Whether heat exchanger should be 
run in PF or CF to minimize size or weight; determine ratio of required areas for the two flow 
conditions. 


SCHEMATIC: 




ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties, (4) Overall heat transfer coefficient remains unchanged for PF or CF 
conditions. 


PROPERTIES: Hot fluid (given): c = 2100 J/kg-K; Cold fluid (given): c = 4200 J/kg-K. 

ANALYSIS: (a) The maximum possible heat transfer rate is given by Eq. 11.19. 
fimax = Cmin (Tpj ~T C o). 

The minimum capacity fluid is the hot fluid with C mm = hi ^ c^, giving 

Qmax = ™h c h ph.i - T c ,o) =0.125—x 2100—2—(210 - 40) K =44,625W. < 

' ' s kg ■ K 

(b) The effectiveness is defined by Eq. 11.20 and the heat rate, q, can be determined from an energy 
balance on the cold fluid. 

e =c l/ c lmax = I kc c c (Tc,o ~T c i )/q max 

8 =0.125 kg/sx 4200 J/kg -K (95 -40)K/44,625W =0.65. < 

(c) Operating the heat exchanger under CF conditions will require a smaller heat transfer area than for 
PF conditions. The ratio of the areas is 

A CF _ q /UAT lm,CF _ AT lm,PF 
A PF q/U AT^ m PF AT to C p 

To calculate the LMTD, first find T h 0 from overall energy balances on the two fluids. 


Th,o = T h ,i-^(T C , 0 - T ci ) = 210°C - 


0.125x4200 


(95-40)°C = 100°C. 


mhch 0.125x2100 

Using Eq. 11.15 with ATj and AT 2 as shown below, find A T/; m = (ATj - AT 2 )// n (AT 1 /AT 2 ). 
Substituting values, find 

— 40)— (100 — 95)1/ /h (170/5) Af, 8°r 

:0.55. 


a cf _ 

"(210-40)-(100-95) 

/ fit (170/5) 46.8°C 

> 

►n 

i 

(210-95)- (100- 40) 

^n(l 15/60) 84.5°C 


COMMENTS: In solving part (c), it is also possible to use Figs. 11.15 and 11.16 to evaluate NTU 
values for corresponding 8 and C mm /C max values. With knowledge of NTU it is then possible to find 
Acf/Apf- 



PROBLEM 11.64 

KNOWN: Concentric tube HXer with prescribed inlet fluid temperatures, fluid flow rates and overall 
coefficient. 

FIND: (a) Maximum heat transfer rate, q max ; (b) Outlet fluid temperatures when area is 0.33 m” with CF 
operation; (c) Compute and plot the effectiveness, £, and fluid outlet temperatures, T c o and T h , 0 , as a 
function of UA for the range 50 < UA < 1000 W/K for CF operation with all other conditions remaining 
the same; as UA becomes very large, find asymptotic value for T h , 0 ; (d) Largest heat transfer rate which 
could be achieved if HXer is very long with PF operation; effectiveness for this arrangement; and (e) 
Compute and plot £, T c o and T h , 0 as a function of UA for the range 50 < UA < 1000 W/K for PF 
operation with all other conditions remaining the same; as UA becomes very large, find asymptotic value 
for T Cj0 and T h , 0 . 


5 Umax 

^U.max 


ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties. 

PROPERTIES: Table A-6, Water (Assume T c , c » 85°C, T c » 335 K): c c = 4186 J/kg-K, (Assume T h , 0 - 
100°C, T h - 100°C, T h - 420 K): c h = 4302 J/kg-K. 


SCHEMATIC: 




ANALYSIS: (a) With Cmn = Ch, the maximum heat transfer rate from Eq. 11.19 is 

qmax = Cmin (T h;i - T C;i ) = C h (T h;i - T c4 ) = 4302 x —— (200 - 35 ) K = 828 1W . < 

3600 s kg-K 

(b) Using the £ - NTU method, find £ from values of C mn , C mm /C max , and NTU. 

ii , , , 42 kg/hx 4302 J/kg-K 

Cmin = 42/3600 kg/s x 4302 j/kg • K = 50.19 W/K, C min /C max = S/ * =0.514 

84kg/hx4186 J/kg • K 

NTU = UA/C min = 180 w/m“ • Kx0.33m“/50.19 W/K = 1.184. 

Using Eq. 11.30 for counter flow operation, with C r = C mm /C max , find that 
1 - exp [-NTU (l - C r )] _ l-exp[-l.18(1-0.514)] 

1 -C r exp[-NTU(l-C r )] l-0.514exp[-l.18(1-0.514)] 

From the definition of effectiveness, £ = Ch (T ha - Th,o)/C min (T h ,i - T ca ), it follows that 

T h,o = T h,i - e ( T h,i - T c,i ) = 200 °C - 0.62 (200 - 35)° C = 98.4°C . < 

Equating the energy balances on both fluids, Ch (T h ,i - T h , 0 ) = C c (T c o - T c>i ), find 

T c,o =( c h/ C e)( T h,i - T h,o) + T c,i = 0.514(200-98.4)° C + 35°C = 87.2°C . < 


Continued... 



PROBLEM 11.64 (Cont.) 


(c) Using the IHT Heat Exchanger Tool, Concentric Tube, counter flow operation and the Properties 
Tool for Water, a model was developed using the effectiveness NTU method employed in the previous 
analysis to compute £, T c o and T h , 0 as a function of UA for CF operation. The results are plotted and 
discussed below. 

(d) For PF with same prescribed inlet conditions, the temperature distributions appear as shown above 
when A— > °° . At the outlet, T Cj0 = T h , 0 , and from the sketch 6T i vnax + 8T canax = (200 - 35)°C = 165°C. 
From the energy balance, find 

Qi^Th .max = C c <5T C j na x 

and solving simultaneously, find 

<ST h . max = 109.0°C T h .„ = T h>i - ST h . max = 200-109,0 = 91,0°C. 

The heat rate and effectiveness are 

q = C h ■ <5T h max = 50.19W/Kxl09.0K = 5471W < 

£=q/qmax = 5471W/8,281W = 0.661. < 


(e) Using the IHT model from part (c), but for PF operation, the effectiveness, T c o and T h , 0 were 
computed and plotted as a function of UA. 


Counterflow operation 



Parallel flow operation 


o 



Tho (C), minumum fluid 
Tco (C), maximum fluid 
Effectiveness, eps*100 


— Tho (C), minumum fluid 
■■— Tco (C), maximum fluid 
- Effectiveness, eps*100 


COMMENTS: (1) From the plot for CF operation as UA increases, the minimum (hot) fluid outlet 
temperature, T h , 0 , decreases to the cold fluid temperature, T CJ . That is when UA —> °°, T h , 0 —>T c>i . As UA 
—> °°, the effectiveness approaches unity as expected since a very large CF heat exchanger has a heat rate 
q max and £ = 1. 


(2) From the plot for PF operation, as UA increases, T h , 0 and T c o approach an asymptotic value, 91.CPC. 
Also, as UA —>°°, the effectiveness increases, approaching 0.661, rather than unity as would be the case 
for CF operation. 















PROBLEM 11.65 


KNOWN: Flow rates and inlet temperatures of water and glycol in counterflow heat exchanger. 
Desired glycol outlet temperature. Heat exchanger diameter and overall heat transfer coefficient 
without and with spherical inserts. 

FIND: (a) Required length without spheres, (b) Required length with spheres, (c) Explanation for 
reduction in fouling and pump power associated with using spheres. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible kinetic energy, potential energy and flow work changes, (2) 
Negligible heat loss to surroundings, (3) Constant properties, (4) Negligible tube wall thickness. 

PROPERTIES: Table A-5, Ethylene glycol (T h = 70°C): c p , h = 2606 J/kg-K; Table A-6, Water 

(f c « 35°C): c p , c = 4178 J/kg-K. 


ANALYSIS: (a) With C h = C min = 1303 W/K and C c = C max = 2089 W/K, C r = 0.624. With actual 
and maximum possible heat rates of 

q = C h (T h j - T h 0 ) = 1303 W / K (100 - 40) °C = 78,180 W 
Omax = Cmin (T h ,i - T c?i ) = 1303 W / K (100 - 15)°C = 110,755 W 


the effectiveness is £ = q/q max = 0.706. From Eq. 11.30b, 


NTU = 


1 


-In 


£-1 


C r -1 

Hence, with A = TtDL and NTU = UA/C mui , 


eC -1 

\ fctr J 


C-W 0 - 294 


0.559 


= 1.71 


L C min NTU 
TrDjU 


1303 W/Kxl.71 

---= 9.46m 

;r(0.075m)1000 W/nU-K 


< 


(b) Since m c mp Tp j Tp 0 and T c j are unchanged, C r , £ and NTU are unchanged. Hence, with U 
= 2000 W/m 2 K, 

L = 4.73m < 

(c) Because the spheres induce mixing of the flows, the potential for contaminant build-up on the 
surfaces, and hence fouling, is reduced. Although the obstruction to flow imposed by the spheres acts 
to increase the pressure drop, the reduction in the heat exchanger length reduces the pressure drop. 
The second effect may exceed that of the first, thereby reducing pump power requirements. 

COMMENTS: The water outlet temperature is Tc,o = T ci + q/C c = 15°C + 78,180 W/2089 W/K = 
52.4°C. The mean temperature (T c = 33.7°C) is close to that used to evaluate the specific heat of 


water. 



PROBLEM 11.66 


KNOWN: Concentric tube, counter-flow heat exchanger. 

FIND: Total heat transfer rate and outlet temperatures of both fluids. 


SCHEMATIC: 


-1000 W/» 


z-K 



m h -Z5kgls 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties. 

PROPERTIES: Table A-6, Water (T h = 68°C = 340 K): c h = 4188 J/kg-K; Table A-6, Water (T c = 
37°C = 310 K): c c = 4178 J/kg-K. 

ANALYSIS: Using the e-NTU method, begin by evaluating the capacity rates. 

C h = ihh c h = 2.5kg/sx4188J/kg-K = 10,470W/K 
C c = m c c c = 5.0kg/sx4178 J/kg ■ K = 20,890 W/ K 

Hence, C mm — C^ and C mm /C max — 0.50 
From the definition, Eq. 11.25, 

NTU = UA/Cmin = 1000W/m 2 ■ Kx23m 2 / (10,470W/K) = 2.20. 

Using values of NTU and C mm /C max , find from Fig. 11.15, that 
£ =0.80. 

From the definition of £, Eq. 11.20, it follows that 

q = £ q max = eC min( T h,i- T c,i)= 0.80x10,470W/K(100-20)K =670kW. < 

Performing energy balances on both fluids, find 

T c ,o=T c , 1 +q/C c =20°C +670kW/20,890W/K = 52.1°C < 

T h.o = T h.i -q/C h =100°C-670kW/10,470W/K = 36.0°C. < 

COMMENTS: (1) Note that T c = (20 + 52.1)°C/2 = 310 K and T h = (100 + 36)°C/2 = 341 K and 
that these values agree well with those used to evaluate the properties. 

(2) Eq. 11.30 could be used to evaluate £; the result gives £ = 0.800. 




PROBLEM 11.67 


KNOWN: Shell and tube heat exchanger for cooling exhaust gases with water. 
FIND: Required surface area using e-NTU method. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible changes in kinetic and 
potential energies, (3) Constant properties, (4) Gases have properties of air. 

PROPERTIES: Table A-6, Water, liquid (T c = (85 + 35)°C/2 = 333 K): c p = 4185 J/kg-K. 

ANALYSIS: Using the e-NTU method, the area can be expressed as 

A = NTUC min /U (1) 

where NTU must be found from knowledge of £ and C mm /C max = C r . The capacity rates are: 

C c = m c Cp, c =2.5kg/sx4185J/kg K = 10,463W/K 

Equating the energy balance relation for each fluid, 

Ch = C c (t c o - T c j) /(T h j - Tjj 0 ) = 10,463W/K (85 -35)/(200 -93) = 4889W/K. 

Hence, 

C r = Cj^in /C max =C h /C c =4889/10,463 = 0.467. 


The effectiveness of the exchanger, with q max = C m i n (T| n j - T c j) and C m i n = C]-,, is 

8=q/qmax=Ch(Th,i-T h ,„)/C h (T hi -T ca )=(200-93)/(200-35) = 0.648. 

Considering the HXer to be a single shell with 2,4.. ..tube passes, Eqs. 11.3lb,c are appropriate to 
evaluate NTU. 


NTU=- 1 + Cr 


1/2 . E-l 


in 


2/e 1 -(l + C r ) 


E + l 


1 + C 2 


1/2 


Substituting numerical values, 

2/0.648-(1 +0.467) 

“ (172 * ' 


467 NTU =- 1+(0.467) 


2\ -1/2 . 1.467-1 


(l+0.467 2 ) 

Using the appropriate numerical values in Eq. (1), the required area is 


in 


1.467+1 


= 1.51. 


A =1.51x4889W/K/l80W/m 2 K =40.9m 2 . 


COMMENTS: Figure 11.16 could also have been used with C r and e to find NTU. 



PROBLEM 11.68 


KNOWN: Dimensions, fluid flow rates, and fluid temperatures for a counterflow heat exchanger used to 
heat blood. 

FIND: (a) Outlet temperature of the blood, (b) Effect of water flowrate and inlet temperature on heat 
rate and blood outlet temperature. 


SCHEMATIC: 


U= 500 W/m 2 -K D = 55 mm 


T c j = 18 °C 
m c = 0.05 kg/s 
Cp = 3500 J/kg*K 

ASSUMPTIONS: (1) Negligible 
changes, (3) Constant properties. 


p 

*- 

c 


1 3 


L = 0.5 m 


50 < T hJ < 70 °C 
0.05 < m h < 0.20 kg/s 


heat loss to surroundings, (2) Negligible kinetic and potential energy 


PROPERTIES: Table A.6, Water (T m - 55°C): c p = 4183 J/kg-K. 


ANALYSIS: (a) Using the e - NTU method, we first obtain Q, = (rhh c p.h ) = (0.10 kg/s x 4183 J/kg-K) 
= 418.3 W/K and C c = (rh c c p c ) = (0.05 kg/s x 3500 J/kg-K) = 175 W/K - C min . Hence, (C min /C max ) = 
0.418 and 

UA (500w/m 2 -K)^(0.055m)(0.5m) 

NTU =-= ------= 0.247 . 

C min 175 W/K 

FromEq. 11.30, e = 0.21. Hence, from Eq. 11.23 

q = eC min ( T h,i - T c,i) = 0.21(175 W/K)(60-18)° C = 1544 W . 


FromEq. 11.7, 


T c,o = T c,i + — = 18°c+ 1544 W = 26.8" C 


C c 175 W/K 


(b) Because the variation of with does not have a significant effect on £ for the prescribed 

NTU, T Cj0 and q increase only slightly with increasing . 



Water mass flowrate, mdoth(kg/s) 



Water mass flowrate, mdoth(kg/s) 


Thi = 70 C 
Thi = 60 C 
Thi = 50 C 



Tci = 70 C 
Tci = 60 C 
Tci = 50 C 


However, the water inlet temperature does have a significant effect, and accelerated heating is achieved 
with T h ,i = 70°C. 

COMMENTS: With = 0.2 kg/s and T hj = 70°C, the outlet temperature of the blood is still below 
the desired level of T c o ~ 37°C. This value of T Cj0 could be increased by increasing L or T h .,. 




PROBLEM 11.69 


KNOWN: Inlet temperatures and flow rates of water (c) and ethylene glycol (h) in a shell-and-tube heat 
exchanger (one shell pass and two tube passes) of prescribed area and overall heat transfer coefficient. 

FIND: (a) Heat transfer rate and fluid outlet temperatures and (b) Compute and plot the effectiveness, £, 
and fluid outlet temperatures, T c o and T h , 0 as a function of the flow rate of ethylene glycol, lit ^ , for the 
range 0.5 < < 5 kg/s. 


SCHEMATIC: 




ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Constant properties, and (4) Overall coefficient remains unchanged. 


PROPERTIES: Table A-5, Ethylene glycol (T m « 40°C): c p = 2474 J/kg-K; Table A-6 , Water (T m - 
15°C): c p = 4186 J/kg-K. 


ANALYSIS: (a) Using the e-NTU method we first obtain 

c h = (ri% c p,h ) = (2kg/sx 2474j/kg • K) = 4948 W/K 

C c = (m c c p c ) = (5kg/sx4186J/kg • K) = 20,930 W/K . 
Hence with C.,, - Ch = 4948 W/K and C r = C^JC^ - 0.236, 


NTU = ■ 


UA 


800 W/ m“ • K |15m“ 


Cmin 4948 W/K 


■ = 2.43. 


From Fig. 11.16, £ = 0.81 and from Eq. 11.23 

q = eC min ( T h,i - T c,i) = 0.81 (4948 W/K)(60-10)K = 2x 10 5 W. 
From Eqs. 11.6 and 11.7, energy balances on the fluids, 


^h,o ^h,i 


= 19.6° C 

Ch 4948 W/K 


q o 2xlO J W 

T co = T ci +— = 10 C +-= 19.6 C. 

’ C c 20,930 W/K 


< 

< 

< 


(b) Using the IHT Heat Exchanger Tool, Shell and 
Tube, and the Properties Tool for Water and 
Ethylene Glycol, T c o , T h o , and £ as a function of 
rhjj were computed and plotted. 

At very low Cmin, (low ) note that £ —> 1 while 

Th, 0 —> T c i . As rhjj increases, both fluid outlet 
temperatures increase and the effectiveness 
decreases. 



Hot fluid flow rate, mdoth (kg/s) 

-A— Too (C), max fluid 
-£— Tho (C), min fluid 
- Effectiveness, eps*100 




PROBLEM 11.70 


KNOWN: Flow rate, specific heat and inlet temperature of gas in cross-flow heat exchanger. Flow 
rate and temperature of water which enters as saturated liquid and leaves as saturated vapor. Number 
of tubes, tube diameter and overall heat transfer coefficient. 


FIND: Required tube length. 


SCHEMATIC: 


m c - 3 kgjs 

T C j = 450 K 


m^-lOkglSj T hi -I400K 1 Cp >h =1120 J/kg-K 

N-SOO, D 0 - 0.025™ 

U o =50W/m*-K 





r 

\ 


J>s. 




l£I 

7=- i 





_r-v 






a? 


J 



_ 



\ 

7 

i 

r 


ASSUMPTIONS: (1) Negligible kinetic and potential energy changes, (2) Negligible heat loss to 
surroundings, (3) Constant gas specific heat. 

PROPERTIES: Table A-6, Saturated Water, (T = 450 K): h fg = 2.024 xlO 6 J/kg. 

ANALYSIS: Use effectiveness-NTU method 


c _ q _ q _q_ 

qmax C min (Th,i - T c ,i) Cph (T^j - T c i) 

q = m c h fg = 3kg/sx2.024xl0 6 J/kg =6.072xl0 6 W 


6.072x10 6 W 

10 kg/sxl 120J/kg K(1400-450)K 


0.571 


From Fig. 11.19, find 

NTU = 0.8 = U 0 N7tD 0 L/C min 


T 0.8x10 kg/sxl 120J/kg K , ^ 

L «--5-= 4.56m. 

50 W / m 2 ■ Kx50071 x 0.025m 


Qriin /C max 


= 0 . 


< 


COMMENTS: (1) The gas outlet temperature is 

T h,o = T h,i -q/ m h c p h = 1400K - 6.072X 10 6 W/1 Okg/sxl 120J/kg ■ K = 857.9 K. 

(2) Using the LMTD method, 

A T f m ,CF = [(1400-450) - (858 -450)]/ tn[ (1400 -450)/ (858- 450)] = 641K. 

From Fig. 11.13, find F = 1, so the area and length are 

A 0 = q/U 0 F AT to CF = 6.072xl0 6 W/(50W/m 2 Kxlx641K) = 189m 2 

L = A/N:tD 0 = 189m 2 /500rt (0.025m) = 4.82m. 



PROBLEM 11.71 


KNOWN: Gas flow conditions upstream of a tube bank of prescribed geometry. Flow rate and inlet 
temperature of water passing through the tubes. 

FIND: (a) Overall heat transfer coefficient, (b) Water and gas outlet temperatures, (c) Effect of water 
flow rate on heat recovery and outlet temperatures. 


SCHEMATIC: 


Exhaust gas 


♦ 


h,o 


^VVater] 

2 < m c < 20 kg/s 
T cj = 300 K 


Tube bank: 10x10 square array 
of aligned tubes, D = 0.025 m, 
S T = 0.05 m,t = 4m, 

0.02 < m c 1 < 0.20 kg/s 


m h = 2.25 kg/s, T h j = 800 K, V= 5.0 m/s 



ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties, (3) Negligible heat loss to the 
surroundings and kinetic and potential energy changes, (4) Negligible tube fouling and wall thermal 
resistance, (5) Fully developed water flow, (6) Gas properties are those of air. 

PROPERTIES: Table A.6, Water (Assume T m ~ 340 K): c p = 4188 J/kg-K, p = 420 x 10 6 N-s/m 2 , k = 
0.660 W/m-K, Pr = 2.66; Table A.4, Air (Assume T m - 600 K): c p = 1051 J/kg-K, V = 52.7 x 10 6 m 2 /s, 
k = 0.047 W/m-K, Pr = 0.69. 


ANALYSIS: (a) For the prescribed conditions, U = (1/hj + l/hj For 


uit truer ulu 




0.025 kg/s, 


4m 


l c,l 


4x0.025 kg/s 


- = 3032. 


R e D = ' / „ 

7T(0.025m)420x 10 b N-s/m" 

Hence, assuming turbulent flow, 

Nu d = 0.023 Re^ 5 Pr 04 = 0.023(3032) 4/5 (2.66) 04 = 20.8 

k 0.660 W/m-K 

h; = — Nu d =--20.8 = 548. 

D 0.025 m 


For the external flow, V max = 


0.05 m 


Re 


D.max 


(0.05-0.025) m 
_ Vmax D _ 10 m/s x 0.025 


5.0m/s = 10.0m/s. Hence 


52.7x10 6 m 2 /s 


= 4744 


From the Zhukauskas correlation and Tables 7.7 and 7.8, Nud = (0.97)0.27 p r 0 ' 36 (Pr/Pr s ) 

Neglecting the Prandtl number ratio, 

Nu D =(0.97)0.27 (4744) 0 63 (0.69)°' 36 =47.4 


,1/4 


h 0 - f Nu D - 0 047 W/ m K 47.4 - 89. ■ w/m 2 - K . 
D 0.025 m 


Continued... 



PROBLEM 11.71 (Cont.) 


Hence, U = (1/548 + 1/89.1)' 1 - 76.7 W/m 2 K. < 

(b) The fluid outlet temperatures may be determined from the e-NTU method. With m c = 2.5 kg/s, C c = 
m c Cp,c = 2.5 kg/s x 4188 J/kg-K = 10,470 W/K. With C h = m h c p h = 2 - 25 k § /s x 1051 J/kg-K = 2365 


W/K, Cmin/Cmax = C m i y pri/C „n m i y pH = 2365/10,470 = 0.23. Hence, with A = NftDL = 10071 x 0.025 m x 4 m = 
31.4 m 2 , 

UA 76.7W/m 2 K(31.4m 2 ) 

NTU =-=--- - = 0.95 

C min 2365 W/K 

From Fig. 11.19, e - 0.61. From Eq. 11.19, q max = C m ,„(T h ., - T CJ ) = 2365 W/K(800 - 300)K = 1.18 x 10 6 
W. Hence, q = £q max = 0.72 x 10 6 W. From Eq. 11.6b, 


( 2 h,i o ) 


_q_ 

c h 


0.72xl0 6 W 
2365 W/K 


= 304 K 


T h , 0 = 496 K 


< 


/ \ q 0.72x10 W ^ 

FromEq. 11.7b, (T cn -T ci ) = —= -= 69K T co = 369 K < 

V ' ’ ’ C c 10,470 W/K 

(c) Using the appropriate Heat Exchangers, Correlations and Properties Toolpads of IHT, the following 
results were obtained. 



—Gas outlet temperature, Tho(K) 

—Water outlet temperature, Tco(K) 



Water flow rate, mdotc(kg/s) 


With increasing rir c (and m c |), h; increases, thereby increasing U and q. However, because the total 
resistance is dominated by the gas-side condition, m c = 20 kg/s only yields U = 83.9 W/nr-K, despite 
the fact that h; = 2180 W/nr-K. Because the extent to which q increases with increasing m c is much 
smaller than the increase in m c itself, T c o decreases with increasing m c . Hence, there is a trade-off 
between the amount of hot water and the temperature at which it is delivered. If, for example, the 
temperature must exceed 50°C (T Cj0 > 323 K), m c cannot exceed 8 kg/s. To maintain an acceptable 

value of T c o , while increasing m c , lit ^ (and V) should be increased, thereby increasing h G , and hence U 
and q. 


COMMENTS: If the air and water property functions of IHT are used to evaluate properties at 
appropriate mean values of the inlet and outlet fluid temperatures, the following, more accurate, results 
would be obtained for Parts (a) and (b): e = 0.582, q = 0.697 x 10 6 W, T c , 0 = 366.6 K, T h , 0 = 508.8 K, h, = 
523 W/nr-K, h Q = 86.5 W/m 2 -K and U = 74.2 W/nr-K. 





PROBLEM 11.72 


KNOWN: Tube arrangement in steam-to-air, cross-flow heat exchanger. Flowrate m c and inlet 
temperature of air. Condensing temperature of steam. 

FIND: (a) Air outlet temperature for m c = 12 kg/s, (b) Effect of m c on air outlet temperature, heat rate 
and condensation rate. 


SCHEMATIC: 


10 < m < 50 kg/s 
T r =300 K 
p = 1 atm 


D = 70 mm 


® ®Ts r =140 m,? 
t-?S, =140 mm 


L = 2 m 


N = 1200 
N[_ = 40 
c .° Nj = 30 


Condensing steam, T s = 400 K 

ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes, (3) Negligible steam side convection and tube wall conduction resistance, (4) Mean air 
temperature is 350 K. 

PROPERTIES: Table A.4, Air (Assume T c = (T c j + T c 0 )/2 ~ 350 K, 1 atm): p = 0.995 kg/m 3 , c p = 
1009 J/kg-K, v = 20.92 x 10 6 m 2 /s, k = 0.030 W/m-K, Pr = 0.700; T s = 400 K: Pr = 0.690. 

ANALYSIS: (a) For a single-pass, cross-flow heat exchanger with one fluid mixed and the other 

unmixed, Fig. 11.19 can be used to obtain e, where C min /C inax = C miX ed/C unmixc d = 0 and NTU = UA/C mm = 

U(7tDL)N/m c c p . From Eq. I 1 .5, U = h Q , and the Zhukauskas correlation may be used to estimate h Q . 

The upstream velocity may be obtained from m c = pVA ~ pVN T LS T . Hence, 

m„ 12 kg/s , 

V =-^-=-y-2/-= 1.44 m/s. 

pN x LS T 0.995 kg/m 3 x30x2mx0.14m 
For aligned tubes, 

V ma v = ———V =--1.44 m/s = 2.88m/s 

maX S T -D (0.14-0.07)m ' ' 

V rnaY D 2.88m/sx0.07 m 

Re D ,max = =- 7 ^T~ = 9637 • 

v 20.92x10 0 rn /s 

From Table 7.7, select values of C = 0.27 and m = 0.63. Hence, 

NT a ■no 0-63 r> 0.36/"rj /r> \0.25 
Nu D = 0.27 Re D max Pr (Pr/Pr s ) 

Nud = 0.27 (9637) a63 (0.70)°- 36 (0.70/0.69)°' 25 =77.1 

- — k 0.030W/m-K / ? 

h n = Nu D —= 77.1--= 33.0 W/ m z - K . 

D 0.07 m 


Hence, 


h n ^DLN 33.0w/m" Kx n (0.07m)2m(1200) 

NTU = —-=----- - ---- = 1.44. 

m c c p 12kg/sx 1009 J/kg-K 


From Fig. 11.19, find e ~ 0.77 and then determine 


Continued... 





PROBLEM 11.72 (Cont.) 

_ q _ ™c c p (T c , 0 — ^c,i) _ T Cj0 — ^cj 

Qmax mc c p(T s -T c ,i) T s — T c j 

T c.o = T c,i + e (T s - T cJ ) = 300 K + 0.77 (400 - 300) K = 377 K = 104°C < 

(b) With q = £q max = £C c (T s - T Cji ) and the condensation rate given by Eqs. 10.33 and 10.26, 

q q 

m cd=T^ — 
hf g h fg 

the foregoing model may be used with the Heat Exchangers, Correlations and Properties Toolpads of IHT 
to determine the effect of m c on T c o , q and m cc j. 




Air flow rate, mdotc(kg/s) 


Since h Q increases with increasing m c , q must also increase. However, since the increase in q is 
proportionally less than the increase in m c , T c o decreases with increasing m c . 



The condensation rate increases proportionally with the increase in q, and if the objective is to maximize 
the condensation rate, the largest value of m c should be maintained. 

COMMENTS: If the objective is to heat the air, there is obviously a trade-off between maintaining 
elevated values of the flowrate and outlet temperature. 






PROBLEM 11.73 


KNOWN: Heat exchanger operating in parallel-flow configuration. 

FIND: Expression for Ri m /Rt which doesn’t involve temperatures. Plot result. 
SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible change in kinetic and 
potential energy. 

ANALYSIS: (a) For the exchanger, the rate equation is 
q = UAAT lm 

and we can define thermal resistances as 

R t = (Th,i ~T c i)/q or R]m = (ATi m )/q =1/UA. 

Using the rate equation and the definition of effectiveness, find the thermal resistance based upon the 
inlet temperatures of the hot and cold fluids as 

R t = Cmin(Th,i — T^i^/Cj^ q =l/£C m j n . 

The ratio of these resistances is 

Rj m _ 1/UA _ £ £ 

“rT - l/£C min UA/C^n ~~ NTU 

and for the parallel flow, concentric tube configuration using Eq. 11.29a, 

R lm _ l-exp[-NTU(l + C r )] l-exp(-B) 

R t NTU (l + C r ) B 

where B = NTU(1 + C r ). Evaluating the ratio for various values of B, find 



COMMENTS: (1) For C max -> oo, C r -> 0; hence B NTU. (2) For C max - C min , B 2NTU or 

B ~ C m | n . (3) For B « 1, Ri m /R t —> 1. (4) For B » 1, Ri m /R t —> B \ (5) We conclude that care 
must be taken in representing heat exchangers with a thermal resistance, recognizing that the 
resistance will depend on flow rates for wide ranges of conditions. 





PROBLEM 11.74 


KNOWN: Heat exchanger condensing steam at 100°C with cooling water supplied at 15°C. 


FIND: (a) Thermal resrstance of the exchanger, (b) Change in thermal resistance if fouling is 0.0002 

? 

m K/W on each of the inner and outer tube surfaces, and (c) Plot the thermal resistance as a function 
of tube water inlet rate assuming all other conditions remain unchanged; comment on whether UA will 
remain constant if the flow rate changes. 


SCHEMATIC: 



Shell (1)-Z tube passes 

f\-0.5m z y UL =2000YJlm z K 


ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible kinetic and potential energy 
changes. 

PROPERTIES: Table A-6, Water (T m = 42°C=315 K): c p = 4179 J/kg-K. 

ANALYSIS: (a) For an exchanger, using the rate equation, 
q = UAATi m = (t^j T c , f) / Rt > 
the thermal resistance of the exchanger can be expressed as 

R _ T h,i ~ T c,i _ C min ( T h,i ~ T c,i) _ 1 q max _ 1 

U AAT] m Qnin'q Cmin 0 £ C m j n 

For the present exchanger with C r = 0, use Eq. 11.36a with 

Cmin =m c c p , c =0.5kg/sx4179J/kg K = 2090W/K 

NTU = U A/Cmin = 2000 W / m 2 ■ Kx 0.5m 2 /2090 W / K = 0.478 
£ = 1 — exp(—NTU) = 0.380. 

Hence, the thermal resistance is 

R t =1/0.380x2090 W / K =1.258xl0 -3 K/W. < 

(b) With fouling present, the overall heat transfer coefficient will decrease. 

1 1 1 

-—- 1 - 

CoA h^A^ h c A c 

1 _ 1 | Rf.c , Rf,h _ 1 , 2Rf 

U f A U 0 A A c A h U 0 A A 


No fouling: 


With fouling: 


Continued 




PROBLEM 11.74 (Cont.) 


1 _1_ | 2x0,0002 m 2 - K/W 

UfA 2000 W / m 2 K x0.5m 2 0.5m 2 

U f A = 555.6W/K. 

It follows that NTU = U[A/C mm = 0.266 and £ t - = 0.233 giving 

R t f =l/e f C min =2.050 x10 _3 K/W 

and hence the increase in thermal resistance due to fouling is 

( R t,f- R t) /R t = (2.050 —1.258)/1.258 = 63%. < 

(c) With no fouling, the thermal resistance, when all other conditions (U 0 A = 1000 W/K) remain 
unchanged, depends on C m i n only as NTU = U 0 A/C m j n , 

exp 

Cmin (W/K) 200 400 600 1000 1500 2000 3000 

R t (K/Wxl0 3 ) 4.967 2.723 2.055 1.582 1.370 1.271 1.176 

From the plot note that R t is a weak function of 
C m in above C ni i n > 1000 W/K, from which we 
conclude that using a constant R t would be 
reasonable. 

Concerning the variability of UA with changing 

08 08 08 

C mm : if most of the resistance is on the water side and the flow is turbulent, h c ~ Rc^' = u m = m c ’ . 
It follows that he will depend significantly on changes in C ni i n - However, if h c and h h are of similar 
magnitude, the effect of C m i n on U may not be significant. 







PROBLEM 11.75 


KNOWN: Air conditioner modeled as a reversed Carnot heat engine, with refrigerant as the working 
fluid, operating between indoor and outdoor temperatures of 23 and 43°C, respectively, removing 5 kW 
from a building. Compressor and fan motor efficiency of 80%. 

FIND: (a) Required motor power assuming negligible thermal resistances between the refrigerant in 
the condenser and the outside air and beWeen the refrigerant in the evaporator and the inside air, and 

-3 

(b) Required power if thermal resistances are each 3 x 10 K/W. 


SCHEMATIC: 


A 

43- 

T(X) 


25 



7h=7o 

t l -i 7 





ASSUMPTIONS: (1) Ideal heat exchanger with no losses, (2) Air conditioner behaves as reversed 
Carnot engine. 

ANALYSIS: (a) With negligible thermal resistances, the Carnot cycle and reversed heat engine can 
be represented as shown above. Hence, 

Wideal = OH - 0L = 0L [(T H /T L )-l] = 5kW[(316K/296 K) - l] = 0.3378 kW. 
Considering the fan power requirement and the efficiency of the motor, 

w act =( Wideal+Wf an )/Tic = (0.3378+ 0.200)kW/0.8 = 0.672 kW. < 

-3 

(b) Consider now thermal resistances of R t = 3 x 10 K/W on the high temperature (condenser) and 
low temperature (evaporator) sides. 

Low side: in order to remove heat from the 
room, Tc < Tj. That is 

Tj— T c =qR t =5 kw(3xl0 _3 K/w) = 15 K 

T c = Tj -1 5K = 23°C-15 K = 8°C. 

High side: in order to reject heat from the 
condenser to the outside air, T^ > T 0 , 

T H- T o = q H Rt =qc( T H /T c) R t 
T H -(43 +273)K = 5 kW[T H /( 8+273)]3xl0 _3 K/W T H =333.9 K = 61°C. 

The work required for this cycle is 

Wideal = qH-qL = qL[(T H /T L )-l]= 5 kW[(61+273)K/(8 + 273)K-l] = 0.943kW 

Wact =( Wideal +wfan)/ric = (0.943+ 0.2)kW/0.8 = 1.43 kW. < 

The effect of finite thermal resistances in the evaporator and condenser is to increase the power by a 
factor of two. 







PROBLEM 11.76 


KNOWN: Flow rate and pressure of saturated vapor entering a condenser. Number and diameter of 
condenser tubes. Water flow rate and inlet temperature. Tube outside convection coefficient. 

FIND: (a) Water outlet temperature, (b) Total tube length, (c) Effect of fouling on mass condensation, 
(d) Effect of water flow rate and inlet temperature on condenser performance. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible heat loss to surroundings and potential and kinetic energy changes, (2) 
Constant properties, (3) Negligible wall conduction resistance and fouling (initially). 

PROPERTIES: Water (given): c p = 4178 J/kg-K, p = 700 x 10 6 kg/s-m, k = 0.628 W/m-K, Pr = 4.6; 
Table A.6, Sat. steam (355 K): h fg = 2.304 x 10 6 J/kg; With fouling: Rf = 0.0003 m 2 -K/W. 

ANALYSIS: (a) From an energy balance, qh = m^ (i^ j -ih,o ) = ^h^fg = q c = m c Cp c (^c,o “^c.i)> or 


T c o = T c , = 280 K + ' - 5k «/.x 2.304X 10" I/kg = ^ , K 


m c c p,c 


15kg/sx4178 J/kg - K 


(b) Since C r = 0, NTU = -ln(l - e), where 


q _ m c c p ,c (T c ,o - T ci ) _ (335.1 - 280) K 
Omax mc c p,c( T h,i _T c,i) (355-280)K 


= 0.735 


= 27,284 


Hence, NTU = -ln(l - 0.735) = 1.327 = U A/CThe overall heat transfer coefficient is given by 1/U = 
1/hj + 1/h 0 . For the internal tube flow, 

-4xl5kg/s/l00 

n (0.01m)700xl0 ^kg/s-m 

Hence, assuming fully developed flow with the Dittus-Boelter correlation, 

Nu d = 0.023Re^ 5 Pr 11 = 0.023(27,284) 4/5 (4.6) 0 ' 4 = 149.8 

hj =(k/D)Nu D = °' 628 W/ — K 149.8 = 9408 w/ m 2 - K 
0.01m 

and U = [(1/9408) + (l/5000)] _1 w/ m“- K = 3265 w/m“- K. Hence, the heat transfer area is 
A = m c c p c (NTU/U) = 15kg/s(4178 j/kg • K)(l.327/3265 w/ m 2 - k) = 25.5m 2 


and the tube length is L = A/N7tD = 25.5 m 2 /1007t(0.01 m) = 8.11 m. 

(c) With fouling, the overall heat transfer coefficient is 1/U W = l/U wo + Rf . Hence, 


Continued... 




PROBLEM 11.76 (Cont.) 

1/U W =(3.063xl0“ 4 +3xl0“ 4 )m 2 -K/W 
U w = 1649 W/m 2 K. 

NTU = UA/C min = 1 1649 w/ m 2 - Kx 25.5 m 2 ^(15 kg/s x 4178 J/kg • K) = 0.671 

From Eq. 11.36a, e = 1 - exp(-NTU) = 1 - exp(-0.671) = 0.489. Hence, q = £q max = 0.489 x 15 kg/s x 
4178 J/kg K(355 - 280)K = 2.30 x 10 6 W. Without fouling the heat rate was 

q = m h h fg = 1.5 kg/sx 2.304X 10 6 J/kg = 3.46x 10 6 W. 

Hence, w /mjj wo = 2.30x10^/3.46 x 10^ = 0.666 . ^ 

The condensation rate with fouling is then mjj w = 0.666 x 1.5 kg/s = 0.998 kg/s . 

(d) The prescribed water inlet temperature of T c i = 280 K is already at the lower limit of available 
sources, and it would not be feasible to consider smaller values. In addition, with hj already quite large, 
an increase in m c is not likely to provide a significant improvement in performance. Using the Heat 
Exchanger and Correlations Tools from IHT, the following results were obtained for 15 < m c < 25 kg/s. 



Water mass flow rate, mdotc(kg/s) 

Over the specified range of m c , there is approximately an 18% increase in the heat rate, and hence in the 
condensation rate. This increase is, in part, due to the increase in hj from 9408 to 14,160 W/m 2 K, 

which increases U from 1649 to 1752 W/nr-K, as well as to a reduction in T c o from 316.6 to 306.0 K, 
which increases the mean driving potential for heat transfer. 

COMMENTS: There is a significant reduction in performance due to fouling, which can not be restored 
by increasing m c . The desired performance could be achieved by oversizing the condenser, that is, by 
increasing the number of tubes and/or the tube length. 




PROBLEM 11.77 


KNOWN: Rankine cycle with saturated steam leaving the boiler at 2 MPa and a condenser pressure 
of 10 kPa. Net reversible work of 0.5 MW. 

FIND: (a) Thermal efficiency of ideal Rankine cycle, (b) Required cooling water flow rate to 
condenser at 15°C with allowable temperature rise of 10°C, and (c) Design of a shell and tube heat 
exchanger (one shell and multiple tube passes) to satisfy condenser flow rate and temperature rise. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible loss from condenser to surroundings, (2) Negligible kinetic and 
potential energy changes in heat exchanger, (3) Ideal Rankine cycle, and (4) Negligible thermal 
resistance on condensate side of exchanger tubes. 

PROPERTIES: Steam Tables, (Wark, 4 th Edition): (1) Pi = P4 = 10 kPa = 0.10 bar, T sat - 45.8°C = 
319 K, Vf = 1.0102 x 10 3 nfVkg, hf = 191.83 kJ/kg; (3) P 2 = P 3 = 2 Mpa = 20 bar, hg = 2799.5 kJ/kg, s g 
= 6.3409 kJ/kg-K; (4) s 4 = s 3 = 6.3409 kJ/kg-K, p 4 = 0.10 bar, s f = 0.6493 kJ/kg-K, s g = 8.1502 kJ/kg-K, 
h f = 191.83 kJ/kg-K, h fg = 2392.8 kJ/kg; Table A-6, Water (T sat = 293 K): c p , c - 4182 J/kg-K, p = 1007 
x 10~ 6 N s/m 2 , k = 0.603 W/mK, Pr = 7.0. Note: 1 bar = 10 5 N/m 2 = 10 5 Pa. 

ANALYSIS: (a) Referring to your thermodynamics text, find that 
_ w net _ w t~ w p _ (h3-h 4 )-vi(p 2 -pi) 

Qh Qh h 3 - h 2 

where the net work is the turbine minus the pump work. Assuming the liquid in the pump is 
incompressible, 

w p =vi(p 2 -pi) = 1.0102xl0 -3 m 3 /kg(2xl0 6 -10xl0 3 )N/m 2 = 2.01kJ/kg. 

To find the enthalpies at states 2, 3, and 4, consider the individual processes. For the pump, 
h 2 =h! + w p =(191.83+2.0l)kJ/kg = 193.84 kJ/kg. 

Since the exit state of the boiler is saturated at P 3 = 2 Mpa, 
h 3 = h g =2799.5 kJ/kg. 

Q h =h 3 -h 2 =(2799.5-193.84)kJ/kg = 2605.7 kJ/kg. 

Since the process from 3 to 4 is isentropic, s 4 - s 3 , hence 

x 4 = (s 4 - s f ) / (s g - s f ) = (6.3409 - 0.6493) / (8.1502 - 0.6493) = 0.759 

h 4 =h f +xhfg =[191.83 +0.759 (2392.8)]kJ/kg =2007.5kJ/kg. 


Continued 




PROBLEM 11.77 (Cont.) 


w t =h 3 -h 4 =(2799.5-2007.5)kJ/kg = 792.0 kJ/kg. 

Substituting appropriate values, the thermal efficiency is 
(792.0-2.0l)kJ/kg 

r| = ----- = 0.303 = 30.3%. 

2605.7 kJ/kg 

(b) From an overall balance on the cycle, the heat rejected to the condenser is 

Q c = Q H -w net =[2605.7-(792.0-2.01)]kJ/kg =1815.7 kJ/kg. 

Since the net reversible power is 0.5 MW, the required steam rate (h) is 

Ah =W net /w net =0.5 x 10 6 W/(792.0 -2.0l)kJ/kg =0.6329 kg/s. 

Hence, the heat rate to be removed by the cold water passing through the condenser is 
9c =Qc ‘Ah = A c Cp C (T c out -T c4n ) 

1815.7 kJ/kgx0.6329 kg/s = 1.149xl0 6 W = ri^x4182J/kg-K(25-15)K 


tri c =27.47 kg/s 


< 


where c p c = c p f is evaluated at T 2 , T c j n = 15°C and T e out - T can = 10°C, the specified allowable rise. 


(c) To design the heat exchanger we need to 
evaluate UA. Considering the shell-tube 
configuration and since C r = C mm /C max = 0, 

£ =l-exp(-NTU) = l-exp[-(UA/C min )] 

c _ q _ 9c 

9max Ac Cp C (Th - ) 



1.149X10 6 W 

27.47kg/sx4182 J/kg ■ K(45.7 -15) K 


0.326 


f 

0.326=1-exp 

V 


UA 

27.47 kg/sx4182 J/kg - K 


x 

) 


UA S =45,372 W/K 


where C mm = rh c Cp c . Our design process will involve the following steps: select tube diameter, D = 

15 mm; set u m = 2 m/s in each tube and find number of tubes; perform internal flow calculation to 
estimate h c and then determine the length. 


iri c = pA c Nu m = |l.010x10 3 m 3 /kgj (0.015m) 2 /4j2m/sx N = 27.47 kg/s 
N = 78.5 ~ 79. 
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For flow in a single tube, 

Re D =i^ =_ 4(27.47 kg /s/79) 

X D P n (0.015m) 1007xl0 _ ° N' s/in 

Assuming the flow is fully developed and using the Dittus-Boelter correlation, 

Nu= —= 0.023Re^ 8 Pr 0 - 4 = 0.023(29,310) 0 ' 8 (7.00)°' 4 = 187.7 
k u 

h =0.603W/m- Kxl87.7/0.015m =7544 W/m 2 K. 

Hence, the tube length is 

UA S = h(7tDL) N = 45,372 W / K 

L =45,372 W/K/7 5 44W/m 2 KX7t (0.015m)79 =1.6m 
and our design has the following parameters: 

N = 79 tubes L =1.6m D =15 mm. < 

COMMENTS: (1) The selection of the tube diameter and water velocity values (15 mm, 2 m/s) was 
based upon prior experience; they seemed reasonable. We could, however, establish other 
requirements which would influence these choices such as allowable pressure drop and standard tube 


sizes. 



PROBLEM 11.78 


KNOWN: Rankine cycle with saturated steam leaving the boiler at 2 Mpa and a condenser pressure 
of 10 kPa. Heat rejected to the condenser of 2.3 MW. Condenser supplied with cooling water at rate 
of 70 kg/s at 15°C. 

FIND: (a) Size of the condenser as determined by the parameter, UA, and (b) Reduction in thermal 
efficiency of the cycle if U decreases by 10% due to fouling assuming water flow rate and inlet 
temperature and the condenser steam pressure remain fixed. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible loss from condenser to surroundings, (2) Negligible kinetic and 
potential energy changes in exchanger, (3) Ideal Rankine cycle, (4) For fouled operating condition, 
m c T c j and P 4 remain the same. 

PROPERTIES: Steam Tables (Wark, 4 th Edition): See previous problem for calculations to obtain 
cycle enthalpies; h] = 191.83 kJ/kg, h 4 = 2007.5 kJ/kg. 

ANALYSIS: (a) For the condenser, recognize that C mm = C c , and C r = C mm /C max = 0, 


£ =—-— = l-exp(-NTU) =1-exp(-UA/C m i n ) 
9 max 


Cmin =m c c p , c =70 kg/s x4182J/kg K = 292,740 W / K 


q max = Cmin ( T h ~ T c,i) = 292,740 W / K (45.7 -15) K = 8.987xlO 6 W. 
q=q h =2.30xl0 6 W 


2.30xl0 6 W 
- ? — = 0.256 

8.987x10® W 


f 

-exp 

v 


UA 

292,740 W /K 


x 

) 


UA = 86,538 W/K. < 

(b) hi the fouled condition, U is reduced 10%, hence 
U f A = 0.9UA = 77,884 W / K 

and 

NTUf= ilA = 77.884 W/K =ft266 
Cmin 292,740 W/K 

£ f =1 -exp (-NTUf) =1 -exp (-0.266) =0.234. 


Continued 




PROBLEM 11.78 (Cont.) 


If we operate the cycle at the same back pressure P 4 = 10 kPa so that T^ = 45.7°C, the heat removal 
rate must decrease, 

q h =eq max =0.234x8.987xlO 6 W = 2.103xl0 6 W 

since q niax = C mm (T h - T ca ) remains the same. From the previous problem, we found the heat 
rejected as 

h 4 -hi =(2007.5 -191.83)kJ/kg =1815.7 kJ/kg 
and hence the cycle steam rate through the fouled condenser is 

m h ,f =qh /(ht -lq ) =2.103xl0 6 W/1815.7 kJ/kg =1.158 kg/s. 

For the unfouled condenser of part (a), the steam rate was 
m h =2.3MW/1815.7 kJ/kg =1.267 kg/s. 

Hence, we see that fouling reduces the steam rate by 8.5% when U is decreased 10%. Since P 4 
remains the same, the thermal efficiency remains unchanged, 

T| =30.3% < 

as calculated in the previous problem. However, the net work of the cycle will decrease 8.5%. 

COMMENTS: Fouling of the condenser heat exchanger has no effect on the thermal efficiency of 
the cycle since the back pressure at the condenser is maintained constant. The effect is, however, to 
reduce the heat rejection rate while maintaining exchanger flow rate and inlet temperature fixed. 
Comparing the conditions: 

Parameter Clean _ Fouled _ Change (%) 


UA, W/K 

86,538 

77,884 

-10.0 

e 

0.256 

0.234 

-8.6 

qh,MW 

2.300 

2.103 

-8.6 

'''net 

— 

-8.6 





PROBLEM 11.80 


KNOWN: Compact heat exchanger with prescribed core geometry and operating parameters. 

FIND: Required heat exchanger volume; number of tubes in the longitudinal and transverse directions, 
Nl and N t ; required tube length. 


SCHEMATIC: 


Longitudinal direction ->• Transverse direction (single pas s)—^ N T 


mf,=L25kg/s _ 
If, = 700K 
A fr =0.Z0m* 




Other parameters: U h = 93.4-W/mi-K, oc Df-ZQ.Smm l £bd6?tn>m l Af/Af 0.850 


ASSUMPTIONS: (1) Negligible heat loss to surroundings, (2) Negligible KE and PE changes, (3) 
Single pass operation, (4) Gas properties are those of air. 

PROPERTIES: Table A-6, Water (T c = 325 K): p = 987.2 kg/m 3 , c p = 4182 J/kg-K; Table A-4, 
Air (Assume T| 10 ~ 400 K, T| 1 = 550 K, 1 atm): c p = 1040 J/kg-K. 

ANALYSIS: To find the Hxer volume, first find Ap, using the e-NTU method. By definition, 

V=A} 1 /a and A^ = NTU-C m i n /Uh. (1,2) 

Find the capacity rates, q, q max and e: 

C c =m c c p c =2 kg/sx4182 J/kg -K = 8364 W/K 

Ch = mhC P)h =1-25 kg/s xl040J/kg-K = 1300 W/K C min 

Hence, 

c Cmm_ = 0 155 
C 

'“max 

It follows that 

q _ C c (ic.o -T c ,i ) 8364 W / K(350-300)K 

(T h ,i -T c>i ) ” 1300 W / K (700 - 300) K " °' 8<l4 ' 

With e = 0.804 and C r = 0.155, find NTU =1.7 from Fig. 11.18 for a single-pass, cross flow Hxer with 
both fluids unmixed. Using Eqs. (2) and (1), find 

A h =1.7 X1300W/K/93.4W/m 2 -K = 23.7m 2 
V = 23.7m 2 /269m 2 /m 3 =0.0880m 3 . 


Continued 





PROBLEM 11.80 (Cont.) 


To determine the number of tubes in the 
longitudinal direction, consider the tubular 
arrangement in the sketch. The Hxer 
volume can be written as 

V=A fr xf L (3) 

where 

^L=(N L -1)^+Df (4) 

and Nl is the number of tubes in the longitudinal direction. Combining Eqs. (3) and (4) and substituting 
numerical values, find 

N L =(V/A fr -D f )/£ + ! (5) 

where Df is the overall diameter of the finned tube, and 

N l = (0.0880m 3 /0.20 m 2 - 0.0285m) /0.0343+ 1= 13.0 -13. < 

To determine the number of tubes in the transverse direction, compare the overall water flow rate m c 
with that for a single tube, m t . That is, 

m t =Pc A t v i (6) 

where A t is the tube inner cross-sectional area Dp m) and Vj the internal velocity. Hence, 

N = m c /m t = (2 kg/s)/987.2 kg/m 3 x^-(0.0138m) 2 x0.100m/s= 135.4- 135. 

The total number of tubes required, N, is 135; the number in the transverse direction is 

N t = N/N l = 135/13 = 10.4- 11. < 

To determine the water tube length, recognize that the total area (Ah), less that of the finned surfaces 
(Af), will be that of the water tube surface area. That is, 

A^ — Af =7tD 0 f T ■ N. 

From specification of the core geometry, we know Af/A h = 0.830; solve for / j to obtain 

( T =A h (i-A f /A h )/;rD 0 -N (7) 

£ t = 23.7m 2 (l-0.830)/7t(0.0164m)xl35 = 0.58m. < 

COMMENTS: In summary we find that 

Total number of tubes, N (Nj x Nl) 143 

Tubes in longitudinal direction, Nl 13 

Tubes in transverse direction, Nj 11 

? 

with a total surface area of 27.3 m . The length of the exchanger is 



Length in longitudinal direction, fp 
Length in transverse direction, ( j 


0.44 m 
0.58 m. 




PROBLEM 11.81 


KNOWN: Compact heat exchanger geometry, gas-side flow rate and inlet temperature, water-side 
convection coefficient, water flow rate, and water inlet and outlet temperatures. 

FIND: Gas-side overall heat transfer coefficient. Required heat exchanger volume. 

SCHEMATIC: 



ASSUMPTIONS: (1) Gas has properties of atmospheric air at an assumed mean temperature of 700 
K, (2) Negligible fouling, (3) Negligible heat exchange with the surroundings and negligible kinetic 
and potential energy and flow work changes. 


PROPERTIES: Table A-l, aluminum (T ~ 300 K): k = 237 W/m-K. Table A-4 , air (p = 1 atm, T = 
700 K): c p - 1075 J/kg-K, ^ = 338.8 x 10" 7 N s/m 2 , Pr = 0.695. Table A-6, water (T = 330 K): c p = 
4184 J/kg-K. 

ANALYSIS: For the prescribed heat exchanger core, 


1 


1 


Uh h c (A c /Afj) 


+ A h R w + 


1 


^o.h^h 


where 


D; 


Ah D c 


1 A f.h 
A h 


8.2 

l02 


(1-0.913) = 0.070 


The product of Ah and the wall conduction resistance is 


A h R 


w 


ln(D 0 /Dj) _ Djln^/Dj) _ 0.0082mxln(l0.2/8.2) 
2?rkL/A h ~~ 2k(A c /A h ) ~~ 2x237W/m-K(0.070) 


5.39xlO“ 4 m 2 -K/W 


2 2 

With a gas-side mass velocity of G = / O Af r = 1.25 kg/s/0.534 x 0.20 m = 11.7 kg/s-m , 


Re - GD h _ 11-7 kg / s • m z x 0.00363m _ U54 




338.8xl0 _7 N-s/m 2 


and Fig. 11.21 yields jn ~ 0.0096. Hence, 

0.0096 Gc 0.0096(11.7 kg/s-m 2 )(1075 J/kg-K) 


Pr 


2/3 


(0.695) 


2/3 


154 W/m z K 


Continued 






PROBLEM 11.81 (Cont.) 


With r 2c = r 2 + t/2 = 15.8 mm + 0.330 mm/2 = 15.97 mm. r 2c /ri = 15.97/5.1 = 3.13, L = r 2 - q = 10.7 
mm, L c = L + t/2 = 10.87 mm = 0.0109m, A p = L c t = 3.59 x 10 " 6 m 2 , and L 3/2 (h h /kA p ) 1/2 = 0.484, 
Fig. 3.19 yields T|f ~ 0.77. Hence, 

'lo,h=l- j ^(l-l)f) = l-0.913(l-0.77) = 0.790 


Uj, 1 = ^1500 W/m 2 • Kx0.07j +5.39x10 4 m 2 -K/W + (o.79xl54 W/m 2 -k) = 0.0183m 2 K/W 

U h =54.7 W/m 2 -K < 

With q = Cc (T c>0 - T c>i ) = 4184 W/K x 80 K = 3.35 x 10 5 W, q max = (T h>i - T C;i ) = 1344 W/K x 
535 K = 7.19 X 10 5 W, e = 0.466 and C r = 0.321. From Figure 11.18, we then obtain NTU - 0.65. 

The required gas-side surface area is then 

, NTUxC mill 0.65x1344 W/K 2 

A h =-=---= 16.0 m z 

U h 54.7 W/m 2 -K 


i 3 

With a = 587 m /m , the required volume is 

2 


V 


16m 


A h _ _ 

a 587m 2 /m 3 


■ 0.0273 m~ 


COMMENTS: (1) Although Uh is small and Ah larger for the continuous fins than for the circular 
fins of Example 11.6, the much larger value of a, renders the volume requirement smaller. 


(2) The heat exchanger length is L = V/Af r = 0.137 m, and the number of tube rows is 

N l = — + 1 = 7.23 = 7. 

S L 


(3) The hypothetical fin radius (r 2 = 15.8 mm) was estimated to be the arithmetic mean of one-half the 
center-to-center spacing between one tube and its six neighbors. 



PROBLEM 11.82 

KNOWN: Cooling coil geometry. Air flow rate and inlet and outlet temperatures. Freon pressure 
and convection coefficient. 


FIND: Required number of tube rows. 

SCHEMATIC: 




ASSUMPTIONS: (1) Negligible fouling, (2) Constant properties, (3) Negligible heat loss to 
surroundings. 

PROPERTIES: Table A-4, Air ( T h = 300 K, 1 atm): c p = 1007 J/kg-K, p = 184.6 x 10“ 7 N s/m 2 , k = 
0.0263 W/m-K, Pr = 0.707; Table A-5 , Sat. R-12 (1 atm): T sat = T c = 243 K, h fg = 165 kJ/kg. 

ANALYSIS: The required number of tube rows is 
N L = (L— D f )/S L +1 

where 

L = V / Af r V=A h /a A h =NTU(C mill /U h ) 

1/U h = l/h c (A c / Ah)+ Aj 1 R w + l/fio,hhh- 
From Ex. 11.6, (A c /A h ) = 0.143 and A h R w = 3.51 x 10' 5 m 2 -K/W. With 


G 


m h 


1.50 kg/s 


oA fr 0.449x0.16m 2 


■20.9 kg/sirC 


_ GD^ _ 20.9 kg/s-m z x6.68x10 

Re —-—-----— / 563 




184.6xl0 -7 N s/m 2 


and Fig. 11.20 gives j H = 0.0068. Hence, 


h h =jh 


Gc r 


Pr 


2/3 


: 0.0068 20 - 9 k § 7 s • m x 1007 J 7 k § • K = i go W / m 2 ■ K. 


(0.707) 


2/3 


With L c = 6.18 mm and A p = 1.57 x 10 6 m~ from Ex. 11.6, L 2/2 (h h /kA p j 11 = 0.338 and, from 
Fig. 3.19, T)f = 0.89 for r 2 C /rj = 1.75. Hence, as in Ex. 11.6, r| 0 h = 0.91 and 

1/U h = 1/(5000W/m 2 K)0.143 + 3.51xl0 _5 m 2 K/W + l/(o.91xl80W/m 2 k) 
U h =133W/m 2 K. 


Continued 





PROBLEM 11.82 (Cont.) 


With C m j n /C max — 0 and — in ^ Cp ^ — 1511 W/K, 


£ = 


q Ch j T^o) 


20 K 


= 0.30 


and 


Omax Qi( T h,i _T c,i) 67 K 

NTU = -ln(l-e) = 0.355 


A h = NTU^™- = 0.355 15 1 1W ^ K = 4.03m 2 . 
U h 133 W / trr ■ K 


Hence, 


L = 


_ A h _ 


4.03m^ 


«Afr ( 


269 Ivc? 


)°. 


- = 0.0937m 


16ni 


and 


N L =h^l + l=-2^-+l=2.9. 


Sl 


0.0343m 


Hence, three or more rows must be used. 

COMMENTS: For the prescribed operating conditions, the heat rate would be 
q = Ch(T h ,i-T hi o)=1511W/K(20 K) =30,220 W. 

If R-12 enters the tubes as saturated liquid, a flow rate of at least 
q 30,220 W 

m — __ —_ 


m c = 


h fg 165,000J/kg 


=0.183 kg/s 


would be needed to maintain saturated conditions in the tubes. 



PROBLEM 11.83 


KNOWN: Cooling coil geometry. Air flow rate and inlet temperature. Freon pressure and 
convection coefficient. 


FIND: Air outlet temperature. 

SCHEMATIC: 


<a£> , 

T 

1 


+ + v 

7b h -1.5kgi !s 

\ i = 310K 

A r -0.16 m z 

~ t> 

+ 4- 


+ +< 


^ p-lafm 

R Z 12 r) h c =SOOOW/m^-K 



>T h,o 

"Surface CF- 7.0-5/Q J, 

Dj-13.8mm, N l =4 


ASSUMPTIONS: (1) Negligible fouling, (2) Constant properties, (3) Negligible heat loss to 
surroundings. 

PROPERTIES: Table A-4, Air ( T h « 300 K, 1 atm): c p = 1007 J/kg-K, p = 184.6 x 10~ 7 N s/m 2 , k = 
0.0263 W/m-K, Pr = 0.707; Table A-5 , Sat. R-12 (1 atm): T sat = T c = 243 K, h fg = 165 kJ/kg. 

ANALYSIS: To obtain the air outlet temperature, we must first obtain the heat rate from the e-NTU 
method. To find A^, first find the heat exchanger length, 

L ~ (N l -l)S L + Df = 3(0.0343m)+0.0285m =0.131m. 


Hence, 

V = Af r L = 0.16m 2 (0.131m) =0.021m 3 
A h =aV = (269m 2 /m 3 )o.021m 3 =5.65m 2 . 


The overall coefficient is 

1 1 


■ + A h R w +' 


1 


Uh h c (A c /Aj 1 ) Plo,hhh 

where Ex. 11.6 yields (A c /Ah) = 0.143 and AhR w = 3.51x10 m~ K/W. With 

.2 


-5 2 . 


m h 1.50 kg/s 
G = —— =- E w = 20.9 kg/s • m 

oA fr 0.449x0.16 m 2 


n _GD^ _ 20.9 kg/s -m 2 x6.68x10 3 m 

Ia. V — » / v) vj a 




184.6X10 -7 N s/m 2 


Fig. 11.20 gives jn = 0.0068. Hence, 


h h =jh 


Gc 


P_-Q.ooeg 20 - 9 kg/s m z xl007J/kg K 


Pr 


2/3 


(0.707) 


2/3 


h h = 180 W / m z ■ K. 


Continued 





PROBLEM 11.83 (Cont.) 


With L c = 6.18 mm and A p = 1.57 x 10 6 m” from Ex. 11.6, (hjj /kA p j 1 ^ = 0.338 and, from 
Fig. 3.19, r)f ~ 0.89 for r 2c /r 1 = 1.75. Hence, as in Ex. 11.6, r) 0 h = 0.91 and 

— = -- l — ---+ 3.51xl0 -5 m 2 ■ K/W +-------- 

u h (5000 W / m 2 ■ KjO. 143 0.911180 W / m 2 ■ K I 

U h =133W/m 2 K. 

With 

Cmin =Ch=m h c p)h =1.5 kg/s(l007J/kg K) =15 11W/K 


NTU ■ 


U h A h _ 1 33W/m 2 K x5.65m 2 
_ 1511W/K 


= 0.497. 


With C m j n /C max = 0, Eq. 11,36a yields 

£ = 1 - exp (-NTU ) = 1 - exp (-0.497 ) = 0.392. 

Hence, 

q =eqmax =eC lni „ (Th.i -T c ,i) =0.392(1511 W/K)67 K 
q = 39,685 W. 


The air outlet temperature is 


i—^- = 310 K- 39 - 685 W =283.7 K. 

1 1 1 r 1 1 TT T I-T7- 


1511W/K 


COMMENTS: If R-12 enters the tubes as saturated liquid, a flow rate of at least 



39,685 W 
165,000 J/kg 


= 0.241kg/s 


< 


would be needed to maintain saturated conditions in the tubes. 



PROBLEM 11.84 

KNOWN: Cooling coil geometry. Gas flow rate and inlet temperature. Water pressure, flow rate 
and convection coefficient. 


FIND: Required number of tube rows. 


SCHEMATIC: 


T hi = 900K 
A^ r -0.36m z 



ASSUMPTIONS: (1) Negligible fouling, (2) Constant properties, (3) Negligible heat loss to 
surroundings. 

PROPERTIES: Table A-4, Air (T h « 725 K, 1 atm): c p = 1081 J/kg-K, (i = 346.7 x 10" 7 
N s/m 2 , k = 0.0536 W/m-K, Pr = 0.698; Table A-6, Sat. water (2.455 bar): T sat = T C = 400 K, h fg 
= 2183 kJ/kg. 

ANALYSIS: The required number of tube rows is 

NL=t|5L +1 

Sl 


where 


L 


V 

A fr 


V 


A h 

a 


A h = NTU 


C 


min 


u h 


1 


1 


Uh h c (A c /Aj 1 ) 

From Ex. 11.6, (A c /A h ) ~ 0.143 and 


+ A h R w + 


^lo^hh 


A h R 


w 


Diln(D 0 /Di) _ (0.0138m)ln(l6.4/13.8) 
2k(Ac/A h ) “ 2(15 W/m - K) (0.143) 


: SASxlO^m^ ■ K/W. 


With 


G 


m h 


oA fr 0.449x0.36m 2 


3 ' 0kg/S -18.6kg/s.m 2 


D _GDj, _ 18.6 kg/s- m 2 x6.68xl0 2 m 

C — — — T — J / U 




346.7xl0~ 7 N's/m 2 


and Fig. 11.20 gives jh ~ 0.009. Hence, 


Gc„ 18.6 kg/s m 2 xl081J/kg-K 


h h=*^A =0.009 
Pr 


(0.698) 


2/3 


= 230 W / trr K. 


Continued 




PROBLEM 11.84 (Cont.) 


With r 2 c /r] = 1.75, L c = 6.18 mm and A p = 1.57 x 10 6 nT from Ex. 11.6, (hjj /kA p j 1 ^ - 1.52 
and Fig. 3.19 gives % ~ 0.40. Hence, 

1o,h = ) = 1-0.83(1-0.4) = 0.50. 

Hence, 

— =——- \ ---+ 5.55xl0 _4 m 2 -K/W+- - ------ 

U h ll0 4 W/m 2 K 0.143 0.50 230 W/m 2 ■ K 

U h = 100.5 W/m 2 K. 

With 

q = m c h fg =0.5 kg/s(2.183xl0 6 J/kg)=1.092xl0 6 W 

c min =c h =3.0 kg/s (1081 J/kg K) =3243 W/K 

Omax = Cmin (T h ,i -T c ,i) = 3 2 43 W/K (500 K) = 1.622 x 10 6 W 

find 

q 1.092X10 6 W 
Omax 1.622x10° W 
FromEq. 11.36b 

NTU = -ln(l-e) = -ln(l-0.674) = 1.121. 


Hence, 


Ah= NTuSm. = 1.121 3243 W/K 


:36.17m" 


L 


U h 

A^ _ 36.17m 


100.5 W/m z K 
2 


Afr 06 0.36m 2 ^269m 2 /m 2 j 


= 0.373m 


n l = k—A- + i = 3 7 3~ 2 8.5 + i = n Q6an. 

S L 34.3 

COMMENTS: The gas outlet temperature is 

T h , o= T h , 1 -^ = 900K- 1 092Xl ° 6w = 564 K 


c 


min 


3243 W/K 


< 


Hence T| 1 = (900 K + 564 K)/2 = 732 K is in good agreement with the assumed value. 



PROBLEM 11.85 


KNOWN: Cooling coil geometry. Gas flow rate and inlet temperature. Water pressure and 
convection coefficient. 

FIND: Gas outlet temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Negligible fouling, (2) Constant properties, (3) Negligible heat loss to 
surroundings. 

PROPERTIES: Table A-4, Air ( T h » 725 K, 1 atm): c p = 1081 J/kg-K, p = 346.7 x 10~ 7 N s/m 2 , k = 
0.0536 W/mK, Pr = 0.698; Table A-6, Sat. water (2.455 bar): T sat = T c = 400 K, h fg = 2183 kJ/kg. 

ANALYSIS: To obtain T^ G , first obtain q from the e-NTU method. To determine NTU, Ah must be 
found from knowledge of L. 

L = (N l -1)S L +D f =10(0.0343m) + 0.0285m =0.372m. 

Hence, 

V =A fr L = 0.36m 2 (0.372m) = 0.134m 3 
A h =aV = (269m 2 /m 3 )o,134m 3 =36.05m 2 . 

The overall coefficient is 

— =—;— --+A h R w +—-—• 

Uh h c (A c /Ai 1 ) Plo,hhh 


From Ex. 11.6, (A c /Ah) ~ 0.143 and 


With 


A h R 


w 


G 


m h 


Diln(D 0 /Di) _ (0.0138m)ln(l6.4/13.8) 
2k (Ac / A h ) “ 2(15 W/m- K) (0.143) 

3.0 kg/s 


: SASxlO^m 2 ■ K/W. 


oA fr 0.449x0.36m 2 


H8.6 kg/s-m 


n _ GD^ _ 18.6 kg/s- m z x 6.68x10 J m 

XvC — — ~Z — J / U 




346.7x10 7 N-s/m 2 


and Fig. 11.20 gives j H = 0.009. Hence, 


Continued 





PROBLEM 11.85 (Cont.) 


l • Gc P AAAn 18.6kg/sm 2 xl081J/kgK 

hh = Jh —V = 0-009- yj- - 

Pr (0.698) 273 

h h = 230W / m 2 K. 


With r 2 C /ri = 1.75, L c = 6.18 mm and A p = 1.57 x 10 6 m~ from Ex. 11.6, L^/ 2 (hjj /kA p ^ - 1.52 
and Fig. 3.19 gives % = 0.40. Hence, 

rio.h = l-"~(l - T1f ) = 1 0.83(1 — 0.4) = 0.50. 

Hence, 


U h (lO 4 W/m 2 -k)0.143 


hS.SSxlO^m 2 K/W+- 


0.50 230W/m -K 


U h = 100.5 W/m z K. 


c min =c h =3kg/s(l081J/kgK) = 3243 W /K 


NTU ■ 


U h A h 


100.5 W/m z K 36.05m z 


3243 W/K 


Since C m i n /C max = 0, Eq. 11.36a gives 


£= 1-exp (-NTU) = l-exp(-l.117) = 0.673. 


Hence, 


9 = eCmin (T h i -T c j) = 0.673(3243 W/ K)(500 K) = 1.09lx 10 6 W 


T ho =T hi -— =900 R- 1 ' 09 ^ 10 W = 564 K. 

C min 3243 W/K 

COMMENTS: (1) The assumption of T| 1 = 725 K is good. 

(2) If water enters the tubes as saturated liquid, a flow rate of at least 


q _ 1.091x10° W 
hf g 2.183X10 6 J/kg 


: 0.50 kg/s 


would be need to maintain saturated conditions in the tubes. 



PROBLEM 12.1 


KNOWN: Rate at which radiation is intercepted by each of three surfaces (see (Example 12.1). 

2 

FIND: Irradiation, G[W/m ], at each of the three surfaces. 

SCHEMATIC: 

i 1 ^ A_ 2 = A a =A 3 = A 4 =10 3 m z 

^ ^ 

Intensify from A lt 

7 ^ 1=7000 W/m* •sr ) diffuse emitter 


ANALYSIS: The irradiation at a surface is the rate at which radiation is incident on a surface per unit 
area of the surface. The irradiation at surface j due to emission from surface 1 is 


A 


J 


-3 2 


With A] = A 2 = = A 4 = 10 m and the incident radiation rates q^.j from the results of Example 

12 . 1 , find 

^ 12.1xl0 -3 W _ 1W/ 2 

G 2 =- 5 — 5 — = 12.1 W/m z < 

10 -3 m 2 

^ 28.0xl0 _3 W - OAW , 2 

G 3 = - 5 —=— = 28.0 W / m z < 

10 -3 m 2 

G4 = mxwlw =198 w/ m 2. 

10 _ 3 m 2 


COMMENTS: The irradiation could also be computed from Eq. 12.15, which, for the present 
situation, takes the form 

Gj =I[ cos0j cq_j 


where I ] = I = 7000 W/m sr and 00 | _j is the solid angle subtended by surface 1 with respect to j. For 
example, 

G 2 =Ii cos02Cq_2 


G 2 = 7000 W/m srx 
cos 30° 


10 3 m 2 xcos60° 


(0.5m)^ 


G 2 = 12.1 W/m . 


Note that, since A ] is a diffuse radiator, the intensity I is independent of direction. 




PROBLEM 12.2 


KNOWN: A diffuse surface of area A| = 10 4 irT emits diffusely with total emissive power E = 5 X 10 4 
W/m 2 . 


FIND: (a) Rate this emission is intercepted by small surface of area A 2 = 5 x 10 4 m 2 at a prescribed 
location and orientation, (b) Irradiation G 2 on A 2 , and (c) Compute and plot G 2 as a function of the 
separation distance r 2 for the range 0.25 < r 2 < 1.0 m for zenith angles 0 2 = 0, 30 and 60°. 


SCHEMATIC: 


A 

E 


1 

1 


= 10' 4 m 2 
= 5x10 4 W/m 2 



ASSUMPTIONS: (1) Surface A| emits diffusely, (2) Ai may be approximated as a differential surface 
area and that A 2 /r^ « 1 • 


ANALYSIS: (a) The rate at which emission from A| is intercepted by A 2 follows from Eq. 12.5 written 
on a total rather than spectral basis. 

qi^2 =I e,l( 0 ^) A l cos0 l dw 2-l- (!) 

Since the surface A| is diffuse, it follows from Eq. 12.13 that 

Ie,l (^>0) = Ie,l = ^ 1 /^ ■ (2) 

The solid angle subtended by A 2 with respect to A| is 


dct>2—1 ~ A 2'COS02/ r 2 • 

Substituting Eqs. (2) and (3) into Eq. (1) with numerical values gives 
E, 


Ol—>2 = —-A] COS0] • 
K 


A 2 cos d 2 _ 5xl0 4 W/m 2 


2 

r 2 


7rsr 


=( 


x(10 4 m 2 xcos60"|x 


)> 


5x10 4 m“ x cos 30° 


(0.5m)*' 


qi^2 = 1 5,9 1 5w/m 2 srx(5 xl ° 5 m 2 jxl.732xl0 3 sr = E378xl0 3 W. 


(3) 


sr (4) 

< 


(b) From section 12, 2.3, the irradiation is the rate at which radiation is incident upon the surface per unit 
surface area, 


G 2 = 


qi ->2 


1.378x10 3 W 
5xl0“ 4 m 2 


■ = 2.76 W/ m 


(5) < 


(c) Using the IHT workspace with the foregoing equations, the G 2 was computed as a function of the 
separation distance for selected zenith angles. The results are plotted below. 


Continued... 



PROBLEM 12.2 (Cont.) 



- theta2 = 0 deg 

-e— theta2 = 30 deg 
-a— theta2 = 60 deg 


For all zenith angles, G 2 decreases with increasing separation distance r 2 . From Eq. (3), note that doKi 
and, hence G 2 , vary inversely as the square of the separation distance. For any fixed separation distance, 
G 2 is a maximum when 0 2 = 0° and decreases with increasing 0 2 , proportional to cos 0 2 . 


COMMENTS: (1) For a diffuse surface, the intensity, I e , is independent of direction and related to the 
emissive power as I e = E/ Tt. Note that 7t has the units of [sr] in this relation. 

(2) Note that Eq. 12.5 is an important relation for determining the radiant power leaving a surface in a 
prescribed manner. It has been used here on a total rather than spectral basis. 

(3) Returning to part (b) and referring to Figure 12.10, the irradiation on A2 may be expressed as 


G 2 =I i,2 cos0 2 


A^cos 9 \ 



Show that the result is G 2 = 2.76 W/m“. Explain how this expression follows from Eq. (12.15). 




PROBLEM 12.003 


KNOWN: Intensity and area of a diffuse emitter. Area and rotational frequency of a second surface, 
as well as its distance from and orientation relative to the diffuse emitter. 

FIND: Energy intercepted by the second surface during a complete rotation. 

SCHEMATIC: 


L = 100 W/m 2 -sr 


qj 02 = 2 rad/s 


■-+ 



r = 0.5 m 


A-] = 10- 4 m 2 


A 2 = 10- 4 m 2 



ASSUMPTIONS: (1) Aj and A 2 may be approximated as differentially small surfaces, (2) Ai is a 


diffuse emitter. 

ANALYSIS: From Eq. 12.5, the rate at which radiation emitted by A | is intercepted by A 2 is 


qi-2 = l e A 1 cos °l w 2-l = l e A 1 ( A 2 cos e 2 1 ^ ) 


where 6\ = 0 and 0 2 changes continuously with time. The amount of energy intercepted by both sides 
of A 2 during one rotation, AE, may be grouped into four equivalent parcels, each corresponding to 
rotation over an angular domain of 0 < 0 2 < 7 t/ 2 . Hence, with dt = d0 2 /0 2 , ^ 1C radiant energy 
intercepted over the period T of one revolution is 


AT , rT , 4I P Ai 
AE = qdt = —- 

Jo 4 02 


'a 2 ' 


\r / 


rn 12 „ 4I e Aj 

io co S e 2 de 2 =-g— 


{ A 2 ) 
2 

sin 02 

l r J 



7112 
0 


AE = 


4x100 W/m 2 srxlO 4 m 2 
2 rad / s 


10“ 4 m 2 

(0.50m) 2 


sr = 8xl0~ 6 J 


COMMENTS: The maximum rate at which A 2 intercepts radiation corresponds to 0 2 = 0 and is q max 
= I e A| A 2 /r“ = 4 x 10 6 W. The period of rotation is T = 271/ 0 2 = 3.14 s. 





PROBLEM 12.004 


KNOWN: Furnace with prescribed aperture and emissive power. 

FIND: (a) Position of gauge such that irradiation is G = 1000 W/m”, (b) Irradiation when gauge is tilted 
0d = 20°, and (c) Compute and plot the gage irradiation, G, as a function of the separation distance, L, for 
the range 100 < L < 300 mm and tilt angles of 0 d = 0, 20, and 60°. 


SCHEMATIC: 


Furnace aperture, A f 


Detector, 

A d = 1.6x10" 5 m 2 


E = 3.72x10 5 W/m 2 
D = 20 mm 

ASSUMPTIONS: (1) Furnace aperture emits diffusely, (2) A d « L 2 . 


Irradiation, 

G = 1000 W/m 2 


ANALYSIS: (a) The irradiation on the detector area is defined as the power incident on the surface per 
unit area of the surface. That is 


G =0f^d/ A d Of^d =I e A f cos % ®d-f 


( 1 , 2 ) 


where qf _> d is the radiant power which leaves A f and is intercepted by A d . From Eqs. 12.2 and 12.5, 
C 0 d _ | is the solid angle subtended by surface A d with respect to A f , 

®d-f = A d cos 0 d /L 2 . (3) 

Noting that since the aperture emits diffusely, I e = E/jt (see Eq. 12.14), and hence 

G = (E/;r) A f cos0f ^A d cos0 d /L 2 )/A d (4) 


Solving for L 2 and substituting for the condition 0f = 0° and 0 d = 0°, 
L 2 = E cos 0f cos 0 d Af /kG . 


L = 


3.72X10 5 w/m 2 x^-(20x10 3 ) 2 m 2 /;rxl000 w/m 2 


-il /2 


= 193 mm. 


(5) 

< 


(b) When 0 d = 20°, q f _^ d will be reduced by a factor of cos 0 d since 0 ) d . f is reduced by a factor cos 0 d . 
Hence, 


G = 1000 W/m 2 x cos 0 d = 1000W/m 2 X cos 20° = 940 W/m 2 . < 

(c) Using the IHT workspace with Eq. (4), G is computed and plotted as a function of L for selected 0 d . 
Note that G decreases inversely as L 2 . As expected, G decreases with increasing 0 d and in the limit, 
approaches zero as 0 d approaches 90°. 



o thetad = 0 deg 

- thetad = 20 deg 

□ thetad = 60 deg 






PROBLEM 12.005 


5 1 

KNOWN: Radiation from a diffuse radiant source A | with intensity 1 1 = 1.2 x 10 W/m sr is 
incident on a mirror A m , which reflects radiation onto the radiation detector A 2 . 

FIND: (a) Radiant power incident on A m due to emission from the source, A 1 , qi_^ m (mW), (b) 

2 

Intensity of radiant power leaving the perfectly reflecting, diffuse mirror A m , I m (W/m sr), and (c) 
Radiant power incident on the detector A 2 due to the reflected radiation leaving A m , q m _>2 (pW), (d) 

Plot the radiant power q m ->2 as a function of the lateral separation distance y 0 for the range 0 < y G < 
0.2 m; explain features of the resulting curve. 

SCHEMATIC: 


y (m) 


y o = 0.1 



Screen 



x 0 = 0.1 L 0 = 


A 1 =A 2 = 1x1 O' 4 m 2 
Am = 2 A 2 


-> x (m) 
0.2 


ASSUMPTIONS: (1) Surface A 1 emits diffusely, (2) Surface A m does not emit, but reflects 
perfectly and diffusely, and (3) Surface areas are much smaller than the square of their separation 
distances. 

ANALYSIS: (a) The radiant power leaving A ] that is incident on A m is 
qi^m = I l A lCOs6> r A©m-l 


where C0 m _ 1 is the solid angle A m subtends with respect to A 1 , Eq. 12.2, 


Aco 


m -1 


_ d A n _ A m cos 6> m 


2xl0“ 4 m 2 cos 45° 


2 2 
Xo+Yo 


0 . 1 2 + 0 . 1 2 


= 7.07 x 10 J sr 


m 


with 6 m = 90 °—Q\ and 9\ = 45°, 

qi^ m = 1.2 x 10 5 W/ m 2 • sr x 1 x 10' 4 m 2 x cos 45°x7.07 x 10' 3 sr = 60 mW < 

(b) The intensity of radiation leaving A m , after perfect and diffuse reflection, is 

T / , A 60x 10~ 3 W 2 

^m _ (Ol—>m /A m )/^r - t ^- — 95.5 W/m -sr 

;rx2xl0 m 

(c) The radiant power leaving A m due to reflected radiation leaving A m is 

9m—>2 = 92 = ^m ' A m ■ cos 6 m ■ Aft> 2 - m 
where Ac02- m is the solid angle that Ai subtends with respect to A m , Eq. 12.2, 


Continued 







PROBLEM 12.005 (Cont.) 


^^2-m — 


Ao cos 09 lx 10 4 irT x cos 45° ... ,__3 

--- z = —--= 3.54 x 10 J sr 

( L o- x o) +Yo 0.1 2 +0.1 2 m 2 


with 02 = 90° - 0 m 

q m ^2 = 02 = 95.5 W / m 2 • sr x 2 x 10 4 m 2 x cos 45°x3.54 x 10" 3 sr = 47.8 jiW < 

(d) Using the foregoing equations in the IHT workspace, q 2 is calculated and plotted as a function of 
y 0 for the range 0 < y G < 0.2 m. 



OJ 


CT 



yo (m) 


From the relations, note that q 2 is dependent upon the geometric arrangement of the surfaces in the 
following manner. For small values of y 0 , that is, when 0 ] » 0°. the cos 0i term is at a maximum, 
near unity. But, the solid angles Aco m _i and A( 02 _ m are very small. As y 0 increases, the cos 0 ] term 
doesn’t diminish as much as the solid angles increase, causing q 2 to increase. A maximum in the 
power is reached as the cos 0| term decreases and the solid angles increase. The maximum radiant 
power occurs when y G = 0.058 m which corresponds to 0 ] = 30°. 



PROBLEM 12.6 


KNOWN: Flux and intensity of direct and diffuse components, respectively, of solar irradiation. 
FIND: Total irradiation. 

SCHEMATIC: 




■sr 


ANALYSIS: Since the irradiation is based on the actual surface area, the contribution due to the 
direct solar radiation is 

G dir =qdir cos0 - 

From Eq. 12.19 the contribution due to the diffuse radiation is 
G dif = ^ I dif - 

Hence 

G = G dir + G dif = c ldi r cos0 +^Idif 


or 


G=1000W/m 2 x0.866+^srx70W/m 2 sr 

G = (866 + 220)W / m 2 

or 

G = 1086 W /m 2 . < 

COMMENTS: Although a diffuse approximation is often made for the non-direct component of solar 
radiation, the actual directional distribution deviates from this condition, providing larger intensities at 
angles close to the direct beam. 



PROBLEM 12.007 


7 2 

KNOWN: Daytime solar radiation conditions with direct solar intensity I<ji r = 2.10 x 10 W/m sr 
within the solid angle subtended with respect to the earth, AtOs = 6.74 x 10 sr, and diffuse intensity 
I dif =70 W/m 2 -sr. 

FIND: (a) Total solar irradiation at the earth’s surface when the direct radiation is incident at 30°, 

and (b) Verify the prescribed value of Acos recognizing that the diameter of the earth is = 1.39 x 

9 11 

10 m, and the distance between the sun and the earth is r e .§ = 1.496 X 10 m (1 astronomical unity). 

SCHEMATIC: 


l diir = 2.10x10 7 W/m 2 -sr 


a>S = 6.74x10" 5 sr 



l d if = 70 W/m 2 -sr 


ANALYSIS: (a) The total solar irradiation is the sum of the diffuse and direct components, 

G S = G dif + G dir = ( 220 + 1226)W / m 2 = 1446 W / m 2 
From Eq. 12.19 the diffuse irradiation is 

G dif = 71 I^if = 71 srx70 W/m 2 ■ sr = 220 W/m 2 
The direct irradiation follows from Eq. 12.15, expressed in terms of the solid angle 
G dir = Idir cos ^ 


G dir =2.10xl0 7 W/m 2 • sr xcos 30°x6.74xl0' 5 sr = 1226 W/m 2 
(b) The solid angle the sun subtends with respect to the earth is calculated from Eq. 12.2, 


Am s = 



7TDs /4 



2 

7r(l.39xl0 9 m) /4 
—-—— = 6.74 x 10 “ 5 sr 

(l.496xlO n m) 


< 


< 


where dA n is the projected area of the sun and r e _s- the distance between the earth and sun. We are 

2 2 
assuming that r e _j; » D§. 

COMMENTS: Can you verify that the direct solar intensity, I d i r , is a reasonable value, assuming that 
the solar disk emits as a black body at 5800 K? ^If, 5 = 0 T 5 / K = c(5800 K)^ / 71 

= 2.04x10 W/m -sr). Because of local cloud formations, it is possible to have an appreciable 

diffuse component. But it is not likely to have such a high direct component as given in the problem 
statement. 



PROBLEM 12.8 

KNOWN: Directional distribution of solar radiation intensity incident at earth’s surface on an overcast 
day. 

FIND: Solar irradiation at earth’s surface. 

SCHEMATIC: 


n 

= I„ COS& 

I„ = 80 Wlm z -sr 




ASSUMPTIONS: (1) Intensity is independent of azimuthal angle 0. 
ANALYSIS: Applying Eq. 12.17 to the total intensity 

G = [ 71 ^ (0 )cos0 sin0 d0 d(|) 


G -27t I n J* 


^ ^ cos 2 0 sin0 d0 


G = {2k sr)x80W/m 2 -sr 


1 i 

—cos J e 

3 



G=-167.6W/m sr cos J —-cos J 0 

2 


G = 167.6W/m 2 . 


< 



PROBLEM 12.9 


KNOWN: Emissive power of a diffuse surface. 

FIND: Fraction of emissive power that leaves surface in the directions tc/4 < 0 < Till and 0 < <f> ^ Ti. 

SCHEMATIC: 



ASSUMPTIONS: (1) Diffuse emitting surface. 

ANALYSIS: According to Eq. 12.12, the total, hemispherical emissive power is 

J 'OO r27t r7t/2 , 

0 J Q J Q lA,,e (X0.4 1 ) cos ® sin0 d0 d(f> dX. 



COMMENTS: The diffuse surface is an important concept in radiation heat transfer, and the 
directional independence of the intensity should be noted. 



PROBLEM 12.10 


KNOWN: Spectral distribution of Ex for a diffuse surface. 

FIND: (a) Total emissive power E. (b) Total intensity associated with directions 0 = 0° and 0 = 30 
and (c) Fraction of emissive power leaving the surface in directions 7 t /4 < 0 < Till. 


SCHEMATIC: 


(W/rrr-pm) 


200 h 


100 r 


0 5 

ASSUMPTIONS: (1) Diffuse emission. 
ANALYSIS: (a) FromEq. 12.11 it follows that 


—I— 

10 


—I— 

15 


—r— 

20 


A(pm) 


r°° p 5 rlO rl5 p 20 r°° 

E = J o E A (A)dA = J 0 (0)dA + j 5 (100)dA + J io (200)dA + J i5 (100)dA + J 9Q (0)dA 

E = 100 W/m 2 pm (10 - 5) pm + 200W/m 2 pm (15 - 10) pm + 100 W/m 2 pm (20-15) pm 
E = 2000 W/m 2 < 


(b) For a diffuse emitter, I e is independent of 0 and Eq. 12.14 gives 

_ E _ 2000 w/m 2 
— — 

71 n sr 

I e =637 w/m 2 -sr 

(c) Since the surface is diffuse, use Eqs. 12.10 and 12.14, 

J '2 K rK / 2 

_ Q j /4 Ie cos 0 sin 0 dfld 0 
E 


E(7r/4->7r/2) _ J 

r7T / 2 

cos0sin0d0 
tt/4 J 

IT <*♦ _. 

sin 2 9 

k/2 

<t> 

K / A 

E 

7l 

n 

2 


E(^/4 —> k / 2 ) 

E 


1 

7T 


1 

2 


(l 2 -0.707 2 )(2^-0) 


0.50 


COMMENTS: (1) Note how a spectral integration may be performed in parts. 

(2) In performing the integration of part (c), recognize the significance of the diffuse emission 
assumption for which the intensity is uniform in all directions. 



PROBLEM 12.11 


KNOWN: Diffuse surface AA 0 , 5-mm square, with total emissive power E 0 = 4000 W/m . 

FIND: (a) Rate at which radiant energy is emitted by AA 0 , q em i t ; (b) Intensity I o e of the radiation field 
emitted from the surface AA 0 ; (c) Expression for q em it presuming knowledge of the intensity I 0jC 
beginning with Eq. 12.10; (d) Rate at which radiant energy is incident on the hemispherical surface, r = 
Ri = 0.5 m, due to emission from AA 0 ; (e) Rate at which radiant energy leaving AA 0 is intercepted by 
the small area AA 2 located in the direction (40°, (f>) on the hemispherical surface using Eq. 12.5; also 
determine the irradiation on AA 2 ; (f) Repeat part (e), for the location (0°, (f>); are the irradiations at the 
two locations equal? and (g) Irradiation Gi on the hemispherical surface at r = Ri using Eq. 12.5. 

SCHEMATIC: 



ASSUMPTIONS: (1) Diffuse surface, AA C , (2) Medium above AA 0 is also non-participating, (3) 
R^ » AA 0 , AA 2 . 


ANALYSIS: (a) The radiant power leaving AA 0 by emission is 

q em it - E 0 -AA 0 = 4000 W/m 2 (0.005 m x 0.005 m) = 0.10 W < 

(b) The emitted intensity is I o e and is independent of direction since AA 0 is a diffuser emitter, 

! 0 , e =E 0 A = 1 273w/m 2 -sr < 


The intensities at points Pi and P 2 are also I o e and the intensity in the directions shown in the schematic 
above will remain constant no matter how far the point is from the surface AA 0 since the space is non¬ 
participating. 


(c) From knowledge of I o e , the radiant power leaving AA 0 from Eq. 12.10 is, 

f [2 K cK/7. ^ 

qemit = I 0 e AA 0 cos© sin0d0d0 = I 0 e AA 0 cos 0 sin OdOdcj) = 7Tl 0 e AA 0 =0.10 W 

Jh ’ ’ -'p=0*'$=0 


(d) Defining control surfaces above AA 0 and on Ai, the radiant power leaving AA 0 must pass through Ai. 
That is, 

q Unc =E o AA o =0.10W < 

2 

Recognize that the average irradiation on the hemisphere, Ai, where A| = 2nR \ , based upon the 
definition, Section 12.2.3, 

Gi = qj i nc /A^ = E 0 AA 0 /2fR^ = 63.7 mw/m” 
where qi, inc is the radiant power incident on surface A,. 


Continued... 







PROBLEM 12.11 (Cont.) 


(e) The radiant power leaving AA 0 intercepted by AA 2 , where AA 2 = 4x10 6 m. located at (0 = 45°, ())) as 
per the schematic, follows from Eq. 12.5, 

0AA o —>AA 2 = Io,e^Ao cos0 o Aft) 2 _o 

where 0 O = 45° and the solid angle AA 2 subtends with respect to AA 0 is 

A« 2 -o = AA 2 cos0 2 /r 2 = 4xl0“ 6 m 2 -l/(0.5m) 2 = 1.60xl0“ 5 sr 

where 0 2 = 0°, the direction normal to AA 2 , 

qAA 0 —>AA 2 =1273w/m 2 •srx25xl0“ 6 m 2 cos45°xl.60xl0“ 5 sr = 3.60xl0“ 7 W < 

From the definition of irradiation, Section 12.2.3, 

G 2 =q A A 0 -.AA 2 /AA 2 =90mw/m 2 

(f) With AA 2 , located at (0 = 0°, (|>), where cos0 o = 1, cos0 2 = 1, find 

Acu 2 _ 0 = 1.60x10“ 5 sr qAA 0 ^AA 2 = 5 - 09xl0 ~ 7 w G 2 =127mw/m 2 < 

Note that the irradiation on AA 2 when it is located at (0°, (])) is larger than when AA 2 is located at (45°, 
(f>); that is, 127 mW/m 2 > 90 W/m 2 . Is this intuitively satisfying? 

(g) Using Eq. 12.15, based upon Figure 12.10, find 

Gj = [ jdAi -da>o_i/Ai = 7Tl 0 e AA 0 /AA^ = 63.7mw/m“ ^ 

where the elemental area on the hemispherical surface Ai and the solid angle AA 0 subtends with respect 
to AAj are, respectively, 

dA^ = Rf sin0 d0 d(f> dft) 0 _j = AA 0 coss/r 2 

From this calculation you found that the average irradiation on the hemisphere surface, r = R ls is 
G] = 63.7 mw/m“ . From parts (e) and (f), you found irradiations, G 2 on AA 2 at (0°, (f)) and (45°, (f>) as 
127 mW/m 2 and 90 mW/m 2 , respectively. Did you expect Gj to be less than either value for G 2 ? How 
do you explain this? 

COMMENTS: (1) Note that from Parts (e) and (f) that the irradiation on Aj is not uniform. Parts (d) 
and (g) give an average value. 

(2) What conclusions would you reach regarding Gi if AA 0 were a sphere? 



PROBLEM 12.12 


KNOWN: Hemispherical and spherical arrangements for radiant heat treatment of a thin-film material. 

2 2 

Heater emits diffusely with intensity I e ,h = 169,000 W/ m sr and has an area 0.0052 m“. 


FIND: (a) Expressions for the irradiation on the film as a function of the zenith angle, 0, and (b) Identify 
arrangement which provides the more uniform irradiation, and hence better quality control for the 
treatment process. 


SCHEMATIC: 




ASSUMPTIONS: (1) Heater emits diffusely, (2) All radiation leaving the heater is absorbed by the thin 
film. 


ANALYSIS: (a) The irradiation on any differential area, dA s , due to emission from the heater, A h , 
follows from its definition, Section 12.2.3, 


q _ ^h—>s 

dA s 

Where q h _> s is the radiant heat rate leaving A h and intercepted by dA s . From Eq. 12.5, 
qh—>s = Ie,h ' dAh cosSp ■ Cd s _h 


( 1 ) 

( 2 ) 


where (D s .h is the solid angle dA s subtends with respect to any point on A h . From the definition, Eq. 12.2, 

dA n 


CO 


(3) 


where dA n is normal to the viewing direction and r is the separation distance. 
For the hemisphere : Referring to the schematic above, the solid angle is 
dA s 

^s-h — 

R z 


and the irradiation distribution on the hemispheric surface as a function of 0 h is 

G = I e,h A h c°s 0 h/R 2 ( 1 )^ 

For the sphere : From the schematic, the solid angle is 

_dA s cos0 s _ dA s 

®s,h - ' 5 - 5 ' 

Ro 4R 2 cos0 h 

where R 0 , from the geometry of sphere cord and radii with 0 S = 0 h , is 

Continued... 






PROBLEM 12.12 (Cont.) 


R 0 = 2Rcos0h 

and the irradiation distribution on the spherical surface as a function of 0 h is 

G = I e ,hdA h /4R 2 (2) < 

(b) The spherical shape provides more uniform irradiation as can be seen by comparing Eqs. (1) and (2). 
In fact, for the spherical shape, the irradiation on the thin film is uniform and therefore provides for 
better quality control for the treatment process. Substituting numerical values, the irradiations are: 

G hem = 169,OOOw/m 2 -srxO.OO52m 2 cos0 h /(2m) 2 = 219.7 cos0 h w/m 2 (3) 

2 

G sp h =169,000w/m 2 srx0.0052m 2 /4(2mf =54.9w/m 2 (4) 

COMMENTS: (1) The radiant heat rate leaving the diffuse heater surface by emission is 
Otot = ^Ie,hAh =276.1W 

The average irradiation on the spherical surface , A sph = 4jtR , 

Gsph =qtot/A S ph =276.1W/4l(2m) 2 =54.9w/m 2 
while the average irradiation on the hemispherical surface, A hem = 2 tiR~ is 

G hem =276.1 W/2^: (2m) 2 =109.9 w/m 2 

(2) Note from the foregoing analyses for the sphere that the result for G S p^ is identical to that found as 
Eq. (4). That follows since the irradiation is uniform. 

(3) Note that Gj iem > G S pjj since the surface area of the hemisphere is half that of the sphere. 

Recognize that for the hemisphere thin film arrangement, the distribution of the irradiation is quite 
variable with a maximum at 0 = 0° (top) and half the maximum value at 0 = 30°. 



PROBLEM 12.13 


KNOWN: Hot part. AA P , located a distance xi from an origin directly beneath a motion sensor at a 
distance L d = 1 m. 

FIND: (a) Location Xi at which sensor signal Si will be 75% that corresponding to x = 0, directly 
beneath the sensor, S 0 , and (b) Compute and plot the signal ratio, S/S 0 , as a function of the part position 
Xi for the range 0.2 < S/S 0 < 1 for L d = 0.8, 1.0 and 1.2 m; compare the x-location for each value of L d at 
which S/S 0 = 0.75. 

SCHEMATIC: 


Motion sensor AA d , S 



ASSUMPTIONS: (1) Hot part is diffuse emitter, (2) L^»AA P , AA 0 . 

ANALYSIS: (a) The sensor signal, S, is proportional to the radiant power leaving AA P and intercepted 
by AA d , 


S ~ qp_^ d — Ip e AAp cos0pA£U c j_p 

when 

a a ^d T I, t 2 2,1/2 

cos Op = cos tl d =-= L d / (L d + xj) 

R 

AAh • COS 6 a / 7 2 7/2 

A<y d-p =- j -= AA d ' L d / ( L d + X 1) 

Hence, 

L d 

qp^d = Ip.eAApAAj —-— 

(L d + X]) 

It follows that, with S 0 occurring when x= 0 and L d = 1 m, 

S L 2 d /(L 2 d+ xf ) 2 
S 0 L d / (L d + 0“ ) 2 

so that when S/S 0 = 0.75, find, 
xi = 0.393 m 


t 2 , 2 

L d +xi 


(1) 

( 2 ) 

(3) 

(4) 

(5) 

< 


(b) Using Eq. (5) in the IHT workspace, the signal ratio, S/S 0 , has been computed and plotted as a 
function of the part position x for selected L d values. 


Continued... 





PROBLEM 12.13 (Cont.) 



—©— Sensor position, Ld = 0.8 m 

- Ld = 1 m 

—a— Ld = 1.2 m 

When the part is directly under the sensor, x = 0, S/S 0 = 1 for all values of L d . With increasing x, S/S 0 
decreases most rapidly with the smallest L d . From the IHT model we found the part position x 
corresponding to S/S Q = 0.75 as follows. 


S/So 

L d (m) 

x, (m) 

0.75 

0.8 

0.315 

0.75 

1.0 

0.393 

0.75 

1.2 

0.472 


If the sensor system is set so that when S/S 0 reaches 0.75 a process is initiated, the technician can use the 
above plot and table to determine at what position the part will begin to experience the treatment process. 




PROBLEM 12.14 


KNOWN: Diameter and temperature of burner. Temperature of ambient air. Burner efficiency. 

FIND: (a) Radiation and convection heat rates, and wavelength corresponding to maximum spectral 
emission. Rate of electric energy consumption, (b) Effect of burner temperature on convection and 
radiation rates. 


SCHEMATIC: 


D = 0.20 m 


9rad Oconv 



Tqo - 20°C 


100°C <T S < 350°C 


|\WWVvNAA/j 

• P elec • 


ASSUMPTIONS: (1) Burner emits as a blackbody, (2) Negligible irradiation of burner from 
surrounding, (3) Ambient air is quiescent, (4) Constant properties. 

PROPERTIES: Table A-4 , air (T f = 408 K): k = 0.0344 W/m-K, v = 27.4 x 10' 6 m 2 /s, a = 39.7 x 
10' 6 m 2 /s, Pr = 0.70, jS = 0.00245 K' 1 . 

ANALYSIS: (a) For emission from a black body 


q rad = A s E b =(^ D2/4 )crT 4 = n (0.2m) 2 /4 5.67x10 8 W/m 2 • K 4 (523K) 4 = 133 W < 


With L = A s /P = D/4 = 0.05m and Ra L = g£(T s - T*,) L 3 /av = 9.8 m/s 2 x 0.00245 K' 1 (230 K) 
(0.05m) 3 /(27.4 x 39.7 x 10" 12 mV) - 6.35 x 10 5 , Eq. (9.30) yields 


h = — Nu, 




L 


V L J 


0.54 Ra 


1/4 


0.0344 W/m-K 
0.05m 

2 


/ 5\^ 4 2 

0.54(6.35xl0 25 J =10.5 W/m 2 K 


q conv =hA s (T s -T^) = 19.4 W/m-K n (0.2m) z / 4 


230K = 75.7 W 


The electric power requirement is then 

Pelec = qmd +qC ° nV = ( 133 + 75J ) W = 232 W 
eiec 77 0.9 

The wavelength corresponding to peak emission is obtained from Wien’s law, Eq. (12.27) 


= 28987tm- K/523K = 5.54/dm < 

(b) As shown below, and as expected, the radiation rate increases more rapidly with temperature than 
the convection rate due to its stronger temperature dependence (t 4 vs. T s 5/4 V 


Continued 




PROBLEM 12.14(Cont.) 



CC 

<D 

X 



—x— qconv 
• qrad 
—±— Pelec 


COMMENTS: If the surroundings are treated as a large enclosure with isothermal walls at T sur = Too 

= 293 K, irradiation of the burner would be G = <7T\j |r =418 W/m” and the corresponding heat rate 

would be A s G = 13 W. This input is much smaller than the energy outflows due to convection and 
radiation and is justifiably neglected. 



PROBLEM 12.15 


KNOWN: Evacuated, aluminum sphere (D = 2m) serving as a radiation test chamber. 

FIND: Irradiation on a small test object when the inner surface is lined with carbon black and at 
600K. What effect will surface coating have? 

SCHEMATIC: 



Aluminum sphere } J)~2m 


Sma/J test surface } A^ 

Carbon black coating i 

T s = 600 K 


ASSUMPTIONS: (1) Sphere walls are isothermal, (2) Test surface area is small compared to the 
enclosure surface. 

ANALYSIS: It follows from the discussion of Section 13.3 that this isothermal sphere is an enclosure 
behaving as a blackbody. For such a condition, see Fig. 12.12(c), the irradiation on a small surface 
within the enclosure is equal to the blackbody emissive power at the temperature of the enclosure. 

That is 


Gi = E b (T s ) = oT s 4 

=5.67xlO - ^W/m 2 -K 4 (600K) 4 = 7348W/m 2 . < 

The irradiation is independent of the nature of the enclosure surface coating properties. 

COMMENTS: (1) The irradiation depends only upon the enclosure surface temperature and is 
independent of the enclosure surface properties. 

(2) Note that the test surface area must be small compared to the enclosure surface area. This allows 
for inter-reflections to occur such that the radiation field, within the enclosure will be uniform (diffuse) 
or isotropic. 

(3) The irradiation level would be the same if the enclosure were not evacuated since, in general, air 
would be a non-participating medium. 



PROBLEM 12.16 


KNOWN: Isothermal enclosure of surface area, A s , and small opening, A 0 , through which 70W 
emerges. 

FIND: (a) Temperature of the interior enclosure wall if the surface is black, (b) Temperature of the 
wall surface having £ =0.15. 

SCHEMATIC: 



<2 rad - 70W 
A o =0.0Zm* 
7s, A s -100 m 2 - 




ASSUMPTIONS: (1) E nclosure is isothermal, (2) A 0 « A s . 

ANALYSIS: A characteristic of an isothermal enclosure, according to Section 12.3, is that the radiant 
power emerging through a small aperture will correspond to blackbody conditions. Hence 

Orad = A 0 Eb(T s ) = ^o°T s 


where q ra j is the radiant power leaving the enclosure opening. That is, 


T s = 


^ \l/4 / 

C 1 rad 


l A °°J 

V 


70W 


0.02m 2 X5.670X10 -8 W / m 2 ■ K 4 


/4 


= 498K. 


< 


Recognize that the radiated power will be independent of the emissivity of the wall surface. As long as 
A 0 « A s and the enclosure is isothermal, then the radiant power will depend only upon the 
temperature. 

COMMENTS: It is important to recognize the unique characteristics of isothermal enclosures. See 
Fig. 12.12 to identify them. 



PROBLEM 12.17 

KNOWN: Sun has equivalent blackbody temperature of 5800 K. Diameters of sun and earth as well 
as separation distance are prescribed. 

FIND: Temperature of the earth assuming the earth is black. 

SCHEMATIC: 



Swn/T s -5800K t 

D s =L3<?xl0 9 7n 


K- \ - R^ & -l.S xlO n m 



ASSUMPTIONS: (1) Sun and earth emit as blackbodies, (2) No attenuation of solar irradiation 
enroute to earth, and (3) Earth atmosphere has no effect on earth energy balance. 


ANALYSIS: Performing an energy balance on the earth, 

Ein — E out =0 

Ae,p G S = A e s • Eft (T e ) 

|jcDg /4jGs =JtDgOTg 
T e =(G s /4a) 1/4 

where A e p and A e s are the projected area and total surface area of the earth, respectively. To 
determine the irradiation Gs at the earth’s 
surface, equate the rate of emission from the 
sun to the rate at which this radiation passes 
through a spherical surface of radius Rs, e - D c /2. 

^in — E ou t =0 

kdI -oT 4 =4ti [R s , e -D e Ilf G s 

2 

7i (l.39xl0 9 m) x5.67xl0 -8 W/m 2 K 4 (5800 K) 4 



G s =1377.5 W/m 2 . 


= 4tc 


1.5xl0 n -1.29xl0 7 /2 


i2 


m 2 x G§ 


Substituting numerical values, find 

T e =|l377.5 W/m 2 /4x5.67xl0 -8 W/m 2 K 4 ) 1M =279 K. < 

COMMENTS: (1) The average earth’s temperature is greater than 279 K since the effect of the 
atmosphere is to reduce the heat loss by radiation. 

(2) Note carefully the different areas used in the earth energy balance. Emission occurs from the total 
spherical area, while solar irradiation is absorbed by the projected spherical area. 




PROBLEM 12.18 


2 

KNOWN: Solar flux at outer edge of earth’s atmosphere, 1353 W/m . 

FIND: (a) Emissive power of sun, (b) Surface temperature of sun, (c) Wavelength of maximum solar 
emission, (d) Earth equilibrium temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Sun and earth emit as blackbodies, (2) No attenuation of solar radiation 
enroute to earth, (3) Earth atmosphere has no effect on earth energy balance. 

ANALYSIS: (a) Applying conservation of energy to the solar energy crossing two concentric 
spheres, one having the radius of the sun and the other having the radial distance from the edge of the 
earth’s atmosphere to the center of the sun 


(tcE)|) = 


4tc 


Rs—e' 


D f 


\2 


q s. 


Hence 


4(l.5xl0 U m-0.65xl0 7 m) Z xl35 3W/m 2 
E« = —:-4-=6.302 xlO 7 W/m 2 . 


.39x\0 y mJ 


oriv t r\9 

(b) From Eq. 12.28, the temperature of the sun is 
4/4 


T s = 


( E c 


6.302xl0 7 W/m 2 
5.67X10 -8 W/m 2 ■ K 4 


4/4 


= 5774 K. 


v j 

(c) From Wien’s law, Eq. 12.27, the wavelength of maximum emission is 

» C 3 2897.6(imK 

Amax =— i =-= 0.50 Ltm. 

max T 5774 K K 

(d) From an energy balance on the earth’s surface 

E e (7tD e 2 )=q§(^D 2 /4). 

Hence, from Eq. 12.28, 


T e = 



1/4 f 

qs 


4o 


V J 

V 


4/4 


1353 W/trC 


4x5.67xlO -8 W/m 2 K 4 


= 278K. 


COMMENTS: The average earth temperature is higher than 278 K due to the shielding effect of the 
earth’s atmosphere (transparent to solar radiation but not to longer wavelength earth emission). 



PROBLEM 12.19 


KNOWN: Small flat plate positioned just beyond the earth’s atmosphere oriented such that its normal 
passes through the center of the sun. Pertinent earth-sun dimensions from Problem 12.18. 

FIND: (a) Solid angle subtended by the sun about a point on the surface of the plate, (b) Incident 
intensity, f , on the plate using the known value of the solar irradiation about the earth’s atmosphere, Gs 
= 1353 W/m 2 , and (c) Sketch of the incident intensity as a function of the zenith angle 0, where 0 is 
measured from the normal to the plate. 


SCHEMATIC: 




ASSUMPTIONS: (1) Plate oriented normal to centerline between sun and earth, (2) Height of earth's 
atmosphere negligible compared to distance from the sun to the plate, (3) Dimensions of the plate are 
very small compared to sun-earth dimensions. 


ANALYSIS: (a) The pertinent sun-earth dimensions are shown in the schematic (a) above while the 
position of the plate relative to the sun and the earth is shown in (b). The solid angle subtended by the 
sun with respect to any point on the plate follows from Eq. 12.2, 


^S-p 


A s cos 0 p (*Ds/ 4 )cos 0 p 


Ls -P ( R S,e + D e/2 ) 


('■ 


7T 11. 39 x 10 9 m j ~ A x 1 


5xl0 n m + 1.29xl0 7 m/2 


r 


6.74x10 5 sr (1) < 


where A s is the projected area of the sun (the solar disk), 0 P is the zenith angle measured between the 
plate normal and the centerline between the sun and earth, and L s , p is the separation distance between the 
plate at the sun’s center. 


(b) The plate is irradiated by solar flux in the normal direction only (not diffusely). Using Eq. (12.7), 
the radiant power incident on the plate can be expressed as 

G S AA p = l i • AA p cos d p ’ w S-p ( 2 ) 

and the intensity I; due to the solar irradiation Gs with cos 0 P = 1, 

Ii =G s /m s _ p =1353w/m 2 /6.74xl0 5 sr = 2.01xl0 7 w/m 2 -sr < 

(c) As illustrated in the schematic to the right, the intensity I; 
will be constant for the zenith angle range 0 < 0 P < 0 p o where 

_ D s/2 _ 1.39xl0 9 m/2 

P '° L S,p (l.5xl0 U m + 1.29xl0 7 m/2j 

0 p 0 = 4.633 xlO -3 rad - 0.27° 

For the range 0 p > 0 p o . the intensity will be zero. Hence 
the k as a function of 0 P will appear as shown to the 
right. 


/(e) 


o 


0 0.27 


90 e p (°) 








PROBLEM 12.20 


KNOWN: Various surface temperatures. 

FIND: (a) Wavelength corresponding to maximum emission for each surface, (b) Fraction of solar 
emission in UV, VIS and IR portions of the spectrum. 

ASSUMPTIONS: (1) Spectral distribution of emission from each surface is approximately that of a 
blackbody, (2) The sun emits as a blackbody at 5800 K. 

ANALYSIS: (a) From Wien’s law, Eq. 12.27, the wavelength of maximum emission for blackbody 
radiation is 

, _ C 3 _ 2897.6 (im-K 

''-max ~ j ~ T 

For the prescribed surfaces 





Hot 

Cool 

Surface 

Sun 

Tungsten 

metal 

Skin metal 


(5800K) 

(2500K) 

(1500K) 

(305K) (60K) 


0.50 

1.16 

1.93 

9.50 48.3 < 


(b) From Fig. 12.3, the spectral regions associated with each portion of the spectrum are 


Spectrum 


Wavelength limits, Jim 


UV 

VIS 

IR 


0.0 - 0.4 
0.4 - 0.7 
0.7 - 100 


For T = 5800K and each of the wavelength limits, from Table 12.1 find: 


A,(|im) 

A,T( pm-K) 

F (0^k) 


10 

58 

0 


-2 


0.4 0.7 10 

2320 4060 5.8 x 10 5 

0.125 0.491 1 


Hence, the fraction of the solar emission in each portion of the spectrum is: 

F uv = 0.125-0 = 0.125 
F V is = 0.491 -0.125 = 0.366 
F ir = 1 -0.491 =0.509. 

COMMENTS: (1) Spectral concentration of surface radiation depends strongly on surface 
temperature. 

(2) Much of the UV solar radiation is absorbed in the earth’s atmosphere. 


< 

< 

< 



PROBLEM 12.21 


KNOWN: Visible spectral region 0.47 pm (blue) to 0.65 pm (red). Daylight and incandescent lighting 
corresponding to blackbody spectral distributions from the solar disk at 5800 K and a lamp bulb at 2900 
K, respectively. 

FIND: (a) Band emission fractions for the visible region for these two lighting sources, and (b) 
wavelengths corresponding to the maximum spectral intensity for each of the light sources. Comment 
on the results of your calculations considering the rendering of true colors under these lighting 
conditions. 

ASSUMPTIONS: Spectral distributions of radiation from the sources approximates those of 
blackbodies at their respective temperatures. 

ANALYSIS: (a) From Eqs. 12.30 and 12.31, the band-emission fraction in the spectral range 7.] to Xi 
at a blackbody temperature T is 

F (X1-X2, T) =F (0—>?c2, T) -F (0-»M, T) 

where the F(q ^ -p) values can be read from Table 12.1 (or, more accurately calculated using the 
1HT Radiation I Band Emission tool) 

Daylight source (T = 5800 K) 

F (X1-X2,T) =0.4374-0.2113 = 0.2261 < 

where at A^-T = 0.65 pm x 5800 K = 3770 pm-K, find F ( q . - k j } = 0.4374, and at X\ T = 0.47 pm x 5800 


K = 2726 pm-K, find F (0 . ^ T ) = 0.2113. 

Incandescent source (T = 2900 K) 

F (X1-X2, T) = 0.05098 - 0.00674 = 0.0442 < 

(b) The wavelengths corresponding to the peak spectral intensity of these blackbody sources can be 
found using Wien s law, Eq. 12.27. 

A, ma x = C 3 /T = 2898 pm-K 
For the daylight (d) and incandescent (i) sources, find 

X max, d = 2898 pm-K/5800 K = 0.50 pm < 

A maX) i =2898 pm- K/2800 K = 1.0 pm < 

COMMENTS: (1) From the band-emission fraction calculation, part (a), note the substantial 
difference between the fractions for the daylight and incandescent sources. The fractions are a 
measure of the relative amount of total radiant power that is useful for lighting (visual illumination). 

(2) For the daylight source, the peak of the spectral distribution is at 0.5 pm within the visible spectral 
region. In contrast, the peak for the incandescent source at 1 pm is considerably outside the visible 
region. For the daylight source, the spectral distribution is “flatter” (around the peak) than that for the 
incandescent source for which the spectral distribution is decreasing markedly with decreasing 
wavelength (on the short-wavelength side of the blackbody curve). The eye has a bell-shaped relative 
spectral response within the visible, and will therefore interpret colors differently under illumination by 
the two sources. In daylight lighting, the colors will be more “true,” whereas with incandescent 
lighting, the shorter wavelength colors (blue) will appear less bright than the longer wavelength colors 
(red) 



PROBLEM 12.22 


KNOWN: Lamp with prescribed filament area and temperature radiates like a blackbody at 2900 K 
when consuming 100 W. 

FIND: (a) Efficiency of the lamp for providing visible radiation, and (b) Efficiency as a function of 
filament temperature for the range 1300 to 3300 K. 


SCHEMATIC: 



Glass Envelope 


ASSUMPTIONS: (1) Filament behaves as a blackbody, (2) Glass envelope transmits all visible 
radiation incident upon it. 


ANALYSIS: (a) We define the efficiency of the lamp as the ratio of the radiant power within the visible 
spectrum (0.4 - 0.7 pm) to the electrical power required to operate the lamp at the prescribed 
temperature. 

V = 9 vis /Oelec • 

The radiant power for a blackbody within the visible spectrum is given as 

9vis = F(0.4pm —> 0.7pm)A s cT s = |^F(0—>0.7pm) ~ ^(0->0.4pm) ] 
using Eq. 12.31 to relate the band emission factors. From Table 12.1, find 

T s = 0.7 pm x 2900 K = 2030 pm-K, F(0^0.7pm) = °- 0719 

Xi T s = 0.4 pm x 2900 K = 1600 pm-K, F(0->0.4pm) = 0.0018 
The efficiency is then 

p = [0.0719-0.0018]x2(2xl0 _3 mx5xl0“ 3 m)5.67xl0“ 8 w/m 2 -K 4 (2900 K) 4 100 W 


p = 5.62 W/l00W = 5.6% < 

(b) Using the IHT Radiation Exchange Tool , Blackbody Emission Factor, and Eqs. (1) and (2) above, a 
model was developed to compute and plot p as a function of T s . 



1000 1500 2000 2500 3000 3500 


Filament temperature, Ts (K) 


Continued... 




PROBLEM 12.22 (Cont.) 


Note that the efficiency decreases markedly with reduced filament temperature. At 2900 K, r| = 5.6% 
while at 2345 K, the efficiency decreases by more than a factor of five to T| = 1%. 

COMMENTS: (1) Based upon this analysis, less than 6% of the energy consumed by the lamp 
operating at 2900 K is converted to visible light. The transmission of the glass envelope will be less than 
unity, so the efficiency will be less than the calculated value. 

(2) Most of the energy is absorbed by the glass envelope and then lost to the surroundings by convection 
and radiation. Also, a significant amount of power is conducted to the lamp base and into the lamp base 
socket. 


(3) The IHT workspace used to generate the above plot is shown below. 

// Radiation Exchange Tool - Biackbody Band Emission Factor: 

/* The biackbody band emission factor, Figure 12.14 and Table 12.1, is 7 
FL1 Ts = F_lambda_T(lambda1 ,Ts) // Eq 12.30 

// where units are lambda (micrometers, mum) and T (K) 

/* The biackbody band emission factor, Figure 12.14 and Table 12.1, is 7 
FL2Ts = F_lambda_T(lambda2,Ts) // Eq 12.30 

// Efficiency and rate expressions: 

eta = qvis / qelec 
eta_pc = eta * 100 
qelec = 100 

qvis = (FL2Ts - FLITs) * As * sigma * Ts A 4 
sigma = 5.67e-8 

//Assigned Variables 

Ts = 2900 
As = 0.005 * 0.005 
lambdal = 0.4 
Iambda2 = 0.7 

/*Data Browser Results - Part (a): 

FLITs FL2Ts eta eta_pc qvis As Ts lambdal 

Iambda2 qelec sigma 

0.001771 0.07185 0.07026 7.026 7.026 2.5E-5 2900 0.4 

0.7 100 5.67E-8 7 


// Filament temperature, K 
// Filament area, m A 2 

// Wavelength, mum; lower limit of visible spectrum 
// Wavelength, mum; upper limit of visible spectrum 


//Eq. (1) 

// Efficiency, % 

// Electrical power, W 

// Eq (2) 

// Stefan-Boltzmann constant, W/m A 2.K 



PROBLEM 12.23 


KNOWN: Solar disc behaves as a blackbody at 5800 K. 

FIND: (a) Fraction of total radiation emitted by the sun that is in the visible spectral region, (b) Plot the 
percentage of solar emission that is at wavelengths less than X as a function of X, and (c) Plot on the same 
coordinates the percentage of emission from a blackbody at 300 K that is at wavelengths less than X as a 
function of X ; compare the plotted results with the upper abscissa scale of Figure 12.23. 

ASSUMPTIONS: (1) Visible spectral region has limits Xj = 0.40 pm and X 2 = 0.70 pm. 

ANALYSIS: (a) Using the blackbody functions of Table 12.1, find F(o_>x), the fraction of radiant flux 
leaving a black surface in the spectral interval 0— >X as a function of the product XT. From the tabulated 
values for F (0 _^) with T = 5800 K, 

X 2 = 0.70 pm X 2 T = 4060 pm-K F( 0 ^ Xi \ = 0.4914 

Xi = 0.40 pm XiT = 2320 pm-K F( 0 ^ 9 )= 0.1245 

Hence, for the visible spectral region, the fraction of total emitted solar flux is 

Pa., —) = po—)-^(o-.A,) = 0.4914- 0.1245 - 0.3669 or 37% < 

(b,c) Using the IHT Radiation Tool, Band Emission Factor, F (0 _xt) are evaluated for the solar spectrum 
(T = 5800 K) and that for a blackbody temperature (T = 300 K) as a function of wavelength and are 
plotted below. 



Wavelength, lambda (mum) 


- Solar spectrum, TbS = 5800 K (left) 

- Blackbody, Tbs = 300 K (right) 


The left-hand curve in the plot represents the percentage of solar flux approximated as the 5800 K- 
blackbody spectrum in the spectral region less than X. The right-hand curve represents the percentage of 
300 K-blackbody flux in the spectral region less than X. Referring to upper abscissa scale of Figure 12.23, 
for the solar flux, 75% of the solar flux is at wavelengths shorter than 1 pm. For the blackbody flux (300 
K), 75% of the blackbody flux is at wavelengths shorter than 20 pm. These values are in agreement with 
points on the solar and 300K-blackbody curves, respectively, in the above plot. 




PROBLEM 12.24 


KNOWN: Thermal imagers operating in the spectral regions 3 to 5 pm and 8 to 14 pm. 

FIND: (a) Band-emission factors for each of the spectral regions, 3 to 5 pm and 8 to 14 pm, for 
temperatures of 300 and 900 K, (b) Calculate and plot the band-emission factors for each of the 
spectral regions for the temperature range 300 to 1000 K; identify the maxima, and draw conclusions 
concerning the choice of an imager for an application; and (c) Considering imagers operating at the 
maximum-fraction temperatures found from the graph of part (b), determine the sensitivity (%) 
required of the radiation detector to provide a noise-equivalent temperature (NET) of 5°C. 

ASSUMPTIONS: The sensitivity of the imager’s radiation detector within the operating spectral 
region is uniform. 

ANALYSIS: (a) From Eqs. 12.30 and 12.31, the hand-emission fraction F(A,1 —> A.2, T) for blackbody 
emission in the spectral range X] to ^ for a temperature T is 

F (X1->?l2,T) = F (0—>X2, T) -F (0->M, T) 

Using the IHT Radiation I Band Emission tool (or Table 12.1), evaluate F^.^j) at appropriate A. T 


products: 

3 to 5 pm region 

f (U-X2,300K) =0.1375-0.00017=0.01359 < 

F (X1—X2,900 K) =0.5640-0.2055=0.3585 < 

8 to / 4pm region 

F(X1-X2,300K) =0.5160-0.1403=0.3758 < 

F(U-X2,900 K) =0.9511 -0.8192 =0.1319 < 


(b) Using the IHT Radiation I Band Emission tool, the band-emission fractions for each of the 
spectral regions is calculated and plotted below as a function of temperature. 


Band fractions for thermal imaging spectral regions 



3 to 5 urn region 
8 to 14 urn region 


Temperature, T (K) 


Continued 





PROBLEM 12.24 (Cont.) 


For the 3 to 5 pm imager, the band-emission factor increases with increasing temperature. For low 

temperature applications, not only is the radiant power joT 4 , T ~ 300 K j low, but the band fraction 

is small. However, for high temperature applications, the imager operating conditions are more 
favorable with a large hand-emission factor, as well as much higher radiant power 

(oT 4 , T —> 900 k|. 


For the 8 to 14 pm imager, the band-emission factor decreases with increasing temperature. This is a 
more favorable instrumentation feature, since the band-emission factor (proportionally more power) 
becomes larger as the radiant power decreases. This imager would be preferred over the 3 to 5 pm 
imager at lower temperatures since the band-emission factor is 8 to 10 times higher. 

Recognizing that from Wien’s law, the peaks of the blackbody curves for 300 and 900 K are 
approximately 10 and 3.3 pm, respectively, it follows that the imagers will receive the most radiant 
power when the peak target spectral distributions are close to the operating spectral region. It is good 
application practice to chose an imager having a spectral operating range close to the peak of the 
blackbody curve (or shorter than, if possible) corresponding to the target temperature. 

The maxima band fractions for the 3 to 5 pm and 8 to 14 pm spectral regions correspond to 
temperatures of 960 and 355 K, respectively. Other application factors not considered (like smoke, 
water vapor, etc), the former imager is better suited with higher temperature scenes, and the latter with 
lower temperature scenes. 

(c) Consider the 3 to 5 pm and 8 to 14 pm imagers operating at their band-emission peak temperatures, 
355 and 960 K, respectively. The sensitivity S (% units) of the imager to resolve an NET of 5°C can 
be expressed as 



»tU-X2.Tl)-»frl-X2,T2) . :100 

F (X1-X2,T1) 


where T] = 355 or 960 K and T 2 = 360 or 965 K, respectively. Using this relation in the IHT 
workspace, find 


S 3 _ 5 = 0.035% S 8 _ 14 =0.023% < 

That is, we require the radiation detector (with its signal-processing system) to resolve the output signal 
with the foregoing precision in order to indicate a 5°C change in the scene temperature. 



PROBLEM 12.25 


KNOWN: Tube furnace maintained at Tf = 2000 K used to calibrate a heat flux gage of sensitive 

9 

area 5 mm mounted coaxial with the furnace centerline, and positioned 60 mm from the opening of 
the furnace. 

2 

FIND: (a) Heat flux (kW/m ) on the gage, (b) Radiant flux in the spectral region 0.4 to 2.5 pm, the 
sensitive spectral region of a solid-state (photoconductive type) heat-flux gage, and (c) Calculate and 
plot the heat fluxes for each of the gages as a function of the furnace temperature for the range 2000 < 
Tf < 3000 K. Compare the values for the two types of gages; explain why the solid-state gage will 
always indicate systematically low values; does the solid-state gage performance improve, or become 
worse as the source temperature increases? 

SCHEMATIC: 



Heat flux 

gage, A g = 5 mm 2 


ASSUMPTIONS: (1) Steady-state conditions, (2) Graphite tube furnace behaves as a blackbody, (3) 
Areas of gage and furnace opening are small relative to separation distance squared, and (4) Extension 
tube is cold relative to the furnace. 

ANALYSIS: (a) The heat flux to the gage is equal to the irradiation, G g , on the gage and can be 
expressed as (see Section 12.2.3) 

G 0 = If ■ cos d a ■ Acdf _g 


where AtOf _ g is the solid angle that the furnace opening subtends relative to the gage. From Eq. 12.2, 
with 0 g - 0 ° 


Acdf_ g = 


dA n Af cos 0g tt( 0.0125 m) 2 /4xl 
r 2 L 2 (0.060 m) 2 


= 3.409 xl0~ 2 


sr 


The intensity of the radiation from the furnace is 

I f = E w (T f )/7r = oT 4 /;r = 5.67xl0~ 8 W/m 2 K 4 (2000 K) 4 In = 2.888x 10 5 W/m 2 sr 


Substituting numerical values, 

G g = 2.888xl0 5 W/m 2 -srx lx3.409xlO' 2 sr = 9.84kW/m 2 < 

(b) The solid-state detector gage, sensitive only in the spectral region X\ = 0.4 pm to A 2 = 2.5 pm, will 
receive the band irradiation. 


G g, A1-A2 - F (Al-»A2, Tf)' G g,b - F (0^A2, Tf) “ F (0^A1, Tf) 


G 


g-b 


Continued 
















PROBLEM 12.25 (Cont.) 

where for X\ T f = 0.4 pm x 2000 K = 800 firn-K, F (0 . xi) = 0.0000 and for l 2 • T f = 2.5 pm x 2000 K 
= 5000 pm-K, F ( 0 . U) = 0.6337. Hence, 

G g,/Ll-A 2 = [0.6337 -0.0000]x 9.84 kW/ m 2 = 6.24 kW/ m 2 < 

(c) Using the foregoing equation in the IHT workspace, the heat fluxes for each of the gage types are 
calculated and plotted as a function of the furnace temperature. 


05 

O 



Furnace tem perature, Tf (K) 


-Black heat flux gage 

—Solid-state gage, 0.4 to 2.5 urn 


For the black gage, the irradiation received by the gage, G g , increases as the fourth power of the 
furnace temperature. For the solid-state gage, the irradiation increases slightly greater than the fourth 

power of the furnace temperature since the band-emission factor for the spectral region, Fn jTf)’ 
increases with increasing temperature. The solid-state gage will always indicate systematic low 
readings since its band-emission factor never approaches unity. However, the error will decrease with 
increasing temperature as a consequence of the corresponding increase in the band-emission factor. 

COMMENTS: For this furnace-gage geometrical arrangement, evaluating the solid angle, AtOf. g , 
and the areas on a differential basis leads to results that are systematically high by 1%. Using the 

view factor concept introduced in Chapter 13 and Eq. 13.8, the results for the black and solid-state 

2 

gages are 9.74 and 6.17 kW/m , respectively. 



PROBLEM 12.26 


KNOWN: Geometry and temperature of a ring-shaped radiator. Area of irradiated part and distance 
from radiator. 

FIND: Rate at which radiant energy is incident on the part. 

SCHEMATIC: 



ASSUMPTIONS: (1) Heater emits as a blackbody. 

ANALYSIS: Expressing Eq. 12.5 on the basis of the total radiation, dq = I e dA h cos0 dco, the rate at 
which radiation is incident on the part is 

qh_p — Jdq I e J* Jcos0dcpp_j 1 dAj 1 ~ I e cos0 ■ £Op_h • Ajj 

Since radiation leaving the heater in the direction of the part is oriented normal to the heater surface, 0 = 
0 and cos 0 = 1. The solid angle subtended by the part with respect to the heater is (0 p - h = A p cos 0i/L 2 , 

while the area of the heater is A h ~ 27tr h W = 2n(L sin 0i)W. Hence, with I e = E b /7t = crT^ /k , 


qh-p 


).67xl0~ 8 w/m 2 - K 4 (3000K) 4 0-007 (cos30°) 


(3m)" 


x2?r (1.5 m) 0.03 m 


q h -p ~ 278.4W 


< 


COMMENTS: The foregoing representation for the double integral is an excellent approximation since 
W « L and A p « L 2 . 




PROBLEM 12.27 


KNOWN: Spectral distribution of the emissive power given by Planck’s law. 

FIND: Approximations to the Planck distribution for the extreme cases when (a) CA/AT » 1, Wien’s 
law and (b) C 2 /AT « 1, Rayleigh-Jeans law. 

ANALYSIS: Planck’s law provides the spectral, hemispherical emissive power of a blackbody as a 
function of wavelength and temperature, Eq. 12.26, 

E U ,(X.T) = C 1 /A[exp(C 2 rt.T)-l]. 

We now consider the extreme cases of CA/AT » 1 and C 2 /AT « 1. 

(a) When C 2 /AT » 1 (or AT « C 2 ), it follows expt CA/AT) » 1. Hence, the -1 term in the 
denominator of the Planck law is insignificant, giving 

E^ b (A,T)-(Ci/A 5 )exp(-C 2 /AT). < 

This approximate relation is known as Wien’s law. The ratio of the emissive power by Wien’s law to 
that by the Planck law is, 

E A,b,Wien _ l/exp(C 2 /AT) 

E A,b,Planck l/[exp( C 2 /AT) — lj 

143 RR ijm • K 

For the condition AT = A max T = 2898 pm-K, C 2 /AT = - = 4.966 and 

2898pm- K 

E A,b|wien _ 1/exp (4.966) _ Q993Q < 

E A,b|pianck 1/[exp (4.966)-l] 

That is, for AT < 2898 pm-K, Wien’s law is a good approximation to the Planck distribution. 

(b) If C 2 /AT « 1 (or AT » C 2 ), the exponential term may be expressed as a series that can be 
approximated by the first two terms. That is, 

2 3 

e x =l+x-l -1-+... ~ 1 + x when x«l. 

2! 3! 

The Rayleigh-Jeans approximation is then 

E A,b (K T) - Q / A 5 [1 + (C 2 / AT) -1] = QT / C 2 A 4 
For the condition AT = 100,000 pm-K, C 2 /AT = 0.1439 

E A,b,R-J _ C{T/C 2 A ^ £xp ( C2 /^ T ) -l] _1 = (AT/C 2 )[exp( C 2 /AT) -1] = 1.0754. < 
E A,b,Planck C^/A 3 

That is, for AT > 100,000 pm-K, the Rayleigh-Jeans law is a good approximation (better than 10%) to 
the Planck distribution. 

COMMENTS: The Wien law is used extensively in optical pyrometry for values of A near 0.65 pm 
and temperatures above 700 K. The Rayleigh-Jeans law is of limited use in heat transfer but of utility 
for far infrared applications. 




PROBLEM 12.28 


KNOWN: Aperture of an isothermal furnace emits as a blackbody. 

FIND: (a) An expression for the ratio of the fractional change in the spectral intensity to the fractional 
change in temperature of the furnace aperture, (b) Allowable variation in temperature of a furnace 
operating at 2000 K such that the spectral intensity at 0.65pm will not vary by more than 1/2%. 
Allowable variation for 10pm. 


SCHEMATIC: 



ASSUMPTIONS: (1) Furnace is isothermal and aperture radiates as a blackbody. 

ANALYSIS: (a) The Planck spectral distribution, Eq. 12.26, is 
ll(hT)=Ci/nX 5 [exp (C 2 / AT) —l]. 

Taking natural logarithms of both sides, find (n\- K = In C| InX 5 - (in [exp( C 2 / AT) -l]. Take the 
total derivative of both sides, but consider the A variable as a constant. 

d l x _ d[exp(C 2 AT)-l]_ {exp(C 2 /XT)}(C 2 /X)(-1/T 2 }dT 
1T”~ [exp(C 2 /XT) — l] “ [exp(C 2 AT)-l] 

dlx C 2 exp(C 2 AT) d T m dl X n X . C 2 1 < 

lx XT [exp(C 2 /AT)-l] T dT/T XT l-exp(-C 2 / AT)' 

(b) If the furnace operates at 2000 K and the desirable fractional change of the spectral intensity is 
0.5% at 0.65 pm, the allowable temperature variation is 

dT_dI X/ [c2 1 

T lx [XT [l-exp(-C 2 /AT)] 

— = 0.005/1 14 ’ 388 ^ m K / i-expf ~ 14 ’ 388 M m K j =4-517xl0 -4 

T [0.65pmx 2000K [ [0.65pmx2000K JJJ 

That is, the allowable fractional variation in temperature is 0.045%; at 2000 K, the allowable 
temperature variation is 

AT ~ 4.517x10”^ =4.517 x10 _4 x2000K = 0.90K. < 

Substituting with T = 2000 K and A = 10 pm, find that 

— = 3.565xl0 -3 and AT»3.565xl0 _3 T = 7.IK. < 

T 

COMMENTS: Note that the power control requirements to satisfy the spectral intensity variation for 
0.65 pm and 10 pm conditions are quite different. The peak of the blackbody curve for 2000 K is A imx 
= 2898 pm-K/2000 K=1.45 pm. 



PROBLEM 12.29 


KNOWN: Spectral emissivity, dimensions and initial temperature of a tungsten filament. 

FIND: (a) Total hemispherical emissivity, £, when filament temperature is T s = 2900 K; (b) Initial rate 
of cooling, dT s /dt, assuming the surroundings are at T sur = 300 K when the current is switched off; 

(c) Compute and plot £ as a function of T s for the range 1300 < T s < 2900 K; and (d) Time required for 
the filament to cool from 2900 to 1300 K. 

SCHEMATIC: 

Tungsten 
filament, 

D = 0.8 mm, 

L = 20 mm, 

T s = 2900 K, 

T f - 1300 K 


ASSUMPTIONS: (1) Filament temperature is uniform at any time (lumped capacitance), (2) Negligible 
heat loss by conduction through the support posts, (3) Surroundings large compared to the filament, 

(4) Spectral emissivity, density and specific heat constant over the temperature range, (5) Negligible 
convection. 

PROPERTIES: Table A-l, Tungsten (2900 K); p = 19,300 kg/m 3 , c p - 185 j/kg • K. 

ANALYSIS: (a) The total emissivity at Ts = 2900 K follows from Eq. 12.38 using Table 12.1 for the 
band emission factors, 


0.45 


e X 


0.10 



poo 

£ = J 0 e 2 E 2,b( T s) d ^ = e l F (0^2pm) +£ 2( 1_ Fb^2pm) C 1 ) 

£ = 0.45 x 0.72 + 0.1 (1 - 0.72) = 0.352 < 

where F (0 ^ 2 pm) = °- 72 at = 2 P m x 2900 K = 5800 F m K - 


(b) Perform an energy balance on the filament at the instant of time at which the current is switched off, 

dT, 


E in E out — MCp 


dt 


A s (cc G sur E) — A s <tT s £ cT s j — Mcp dT s /dt 


and find the change in temperature with time where A s = 7tDL, M = pV, and V = (7tD 2 /4)L, 


dTs 

dt 


dT^ 

dt 


7tDL( 7(£T s 4 -aT s 4 r ) 


^xD 2 /^ 


Lc, 


4(7 

pc D 


(^T’s ^T^j. j 


4x5.67x10 8 w/rn 2 -K 4 (0.352x2900 4 -0.1x 300 4 )K 4 
19,300 kg/m 2 x 185 J/kg • Kx 0.0008m 


= -1977 K/s 


(c) Using the IHT Tool, Radiation, Band Emission Factor, and Eq. (1), a model was developed to 
calculate and plot £ as a function of T s . See plot below. 


Continued... 




PROBLEM 12.29 (Cont.) 


(d) Using the IHT Lumped Capacitance Model along with the IHT workspace for part (c) to determine £ 
as a function of T s , a model was developed to predict T s as a function of cooling time. The results are 
shown below for the variable emissivity case (£ vs. T s as per the plot below left) and the case where the 
emissivity is fixed at £(2900 K) = 0.352. For the variable and fixed emissivity cases, the times to reach 
T s = 1300 K are 


t var = 8.3s tfix = 5.1s 



Filament temperature, Ts (K) 


< 



Elapsed time, t (s) 

— Variable emissivity 

-o— Fixed emissivity, eps = 0.35 


COMMENTS: (1) From the £ vs. T s plot, note that £ increases as T s increases. Could you have 
surmised as much by looking at the spectral emissivity distribution, £>_ vs. X? 

(2) How do you explain the result that t var > tr, x ? 




PROBLEM 12.30 


KNOWN: Spectral distribution of emissivity for zirconia and tungsten filaments. Filament 
temperature. 

FIND: (a) Total emissivity of zirconia, (b) Total emissivity of tungsten and comparative power 
requirement, (c) Efficiency of the two filaments. 

SCHEMATIC: 


1 r 




0.8 

Si 
0.2 


£2 


A 


_l_L. 


0 


Zirconia 


S3 



Filament 
T = 3000 K, £*, 


0.4 0.7 


X (pm) 


£ A 


1 

0.45 

0.10 

0 



Tungsten 

Si 



£ 2 


I-!-> 


2 4 X (pm) 


ASSUMPTIONS: (1) Negligible reflection of radiation from bulb back to filament, (2) Equivalent 
surface areas for the two filaments, (3) Negligible radiation emission from bulb to filament. 

ANALYSIS: (a) From Eq. (12.38), the emissivity of the zirconia is 


£ ~ j Q e A ( E A /E b ) d A - £ l E ( 0 —>0.4pm) +e 2 E (0.4^0.7pm) +e 3 E ( 0 . 7 pm^°o) 

£ = £ l E (0—>0.4pm) + e 2 ( E (0—>0.7pm) “ E (0^0.4pm) ) + £ 3 ( l ~ E (0^0.7pm)) 

From Table 12.1, with T = 3000 K 

AT = 0.4pmx3000 = 1200pm-K: E (0—>0 4pm) =0-0021 
AT = 0.7pmx3000 K = 21007 tm-K:F^Q_ > Q 7 ^ m ^ =0.0838 


e = 0.2x0.0021 + 0 .8 (0.0838 - 0.0021)+ 0.2x (1-0.0838) = 0.249 < 

(b) For the tungsten filament, 

£ = £ l E ( 0 —> 2 pm) + e 2 (i - E ( 0 ^ 2 pm)) 

With AT = 6000pm-K, F(0 -+ 2pm) = 0.738 

£=0.45x0.738 + 0.1(1-0.738) = 0.358 < 

Assuming, no reflection of radiation from the bulb back to the filament and with no losses due to 
natural convection, the power consumption per unit surface area of filament is P e lec = . 


Continued 




PROBLEM 12.30 (Cont.) 


Zirconia : P^c = 0.249x5.67xl0~ 8 W/m 2 K 4 (3000 K) 4 =1.14xl0 6 W/m 2 

Tungsten : Pg lec = 0.358x5.67xl0~ 8 W/m 2 K 4 (3000 K) 4 =1.64xl0 6 W/m 2 

Hence, for an equivalent surface area and temperature, the tungsten filament has the largest power 
consumption. <C 

(c) Efficiency with respect to the production of visible radiation may be defined as 

_ Jo.4 E ^ b ^ _ 1(1.4 ( E ^- b 1Eb ) _ e vis F . 

9 vis E £ ~ £ b (0.4—>0.7/tm) 

With F ( o .4 _»o .7 pm) = 0.0817 for T - 3000 K, 

Zirconia: ri Y i s = (0.8/0.249)0.0817 = 0.263 

Tungsten: Vvis =(0.45/0.358)0.0817 =0.103 

Hence, the zirconia filament is the more efficient. < 

COMMENTS: The production of visible radiation per unit filament surface area is E v j s = q v j s 
Pclcc • Hence, 

Zirconia: E vis = 0.263x1.14xl0 6 W/m 2 =3.00xl0 5 W/m 2 

Tungsten: E vis = 0.103xl.64xl0 6 W/m 2 =1.69xl0 5 W/m 2 

Hence, not only is the zirconia filament more efficient, but it also produces more visible radiation 
with less power consumption. This problem illustrates the benefits associated with carefully 
considering spectral surface characteristics in radiative applications. 



PROBLEM 12.31 


KNOWN: Variation of spectral, hemispherical emissivity with wavelength for two materials. 
FIND: Nature of the variation with temperature of the total, hemispherical emissivity. 

SCHEMATIC: 



ASSUMPTIONS: (1) is independent of temperature. 

ANALYSIS: The total, hemispherical emissivity may be obtained from knowledge of the spectral, 
hemispherical emissivity by using Eq. 12.38 


e(T) 


pOO 

Jo ex(^)Ex,b(^.T)dX 

MT) 



gulU) 

E b (T) 


dl. 


We also know that the spectral emissive power of a blackbody becomes more concentrated at lower 
wavelengths with increasing temperature (Fig. 12.13). That is, the weighting factor, h iX,T)/E h (T) 
increases at lower wavelengths and decreases at longer wavelengths with increasing T. Accordingly, 


Material A: e(T) increases with increasing T 


< 


Material B: 


e(T) decreases with increasing T. 


< 



PROBLEM 12.32 


KNOWN: Metallic surface with prescribed spectral, directional emissivity at 2000 K and 1 pm (see 
Example 12.6) and additional measurements of the spectral, hemispherical emissivity. 

FIND: (a) Total hemispherical emissivity, £, and the emissive power, E, at 2000 K, (b) Effect of 
temperature on the emissivity. 

SCHEMATIC: 



ANALYSIS: (a) The total, hemispherical emissivity, £, may be determined from knowledge of the 
spectral, hemispherical emissivity, £^ , using Eq. 12.38. 


f oo , r2um E; u(A,T)dA Mum Eiu(A,T)dA 

£ (T) = Jo a<A)E A . b <A,T)dA/E b (T)= ei { 0 " m + l. ™ 


E b (T) 

or from Eqs. 12.28 and 12.30, 

£ (T) = e lF( 0 —>^1 +e 2 [E(0—>^ 2 ) _F (0^1 1 )_ 

From Table 12.1, 

A, = 2pm, T = 2000 K : AjT = 4000 pm • K, F (0 _^ Al) = 0.481 
A 2 = 4 pm, T = 2000 K : A 2 T = 8000 pm • K, F (0 _^a 9 ) = 0.856 

Hence, 


E b (T) 


£(T) = 0.36x 0.481 + 0.20(0.856 - 0.481) = 0.25 


From Eqs. 12.28 and 12.37, the total emissive power at 2000 K is 
E(2000 K) = £ (2000 K) • E b (2000 K) 

E(2000K) = 0.25 x5.67 xl0“ 8 w/m 2 -K 4 x (2000 K) 4 = 2.27 xlO 5 w/m 2 . < 

(b) Using the Radiation Toolpad of IHT, the following result was generated. 



Continued... 




PROBLEM 12.32 (Cont.) 


At T ~ 500 K, most of the radiation is emitted in the far infrared region (A, > 4 (am), in which case £ ~ 0. 
With increasing T, emission is shifted to lower wavelengths, causing £ to increase. As T —> °o, £ —> 
0.36. 

COMMENTS: Note that the value of for 0 < A, < 2 (am cannot be read directly from the £\ 
distribution provided in the problem statement. This value is calculated from knowledge of q (6) in 
Example 12.6. 



PROBLEM 12.33 


KNOWN: Relationship for determining total, hemispherical emissivity, £, by integration of the 
spectral emissivity distribution, ex (Eq. 12.38). 

FIND: Evaluate £ from E>, for the following cases: (a) Ex. 12.5, use the result to benchmark your 
code, (b) tungsten at 2800 K, and (c) aluminum oxide at 1400 K. Use the intrinsic function 
INTEGRAL of IHT as your solution tool. 

SCHEMATIC: 


1.0 

0.8 

0.4 


Example 12.5 

T= 1600 K 
X- 1=2 |xm 
>,2 = 5 (jm 


0 


2 


5 X (pm) 


ASSUMPTIONS: (1) Surfaces are diffuse emitters. 

ANALYSIS: (a) Using IHT as the solution tool, Eq. 12.38 is entered into the workspace, and a look¬ 
up table created to represent the spectral emissivity distribution. See Comment 1 for the IHT 
annotated code. The result is £ = 0.558, in agreement with the analysis of Ex. 12.5 using the band- 
emission factors. 

(b, c) Using the same code as for the benchmarking exercise in Part (a), but with new look-up table 
files (*.lut) representing the spectral distributions tabulated below, the total hemispherical emissivities 
for the tungsten at 2800 K and aluminum oxide at 1400 K are: 

£ w =0.31 £ a12O 3=0.38 < 

These results compare favorably with values of 0.29 and 0.41, respectively, from Fig. 12.19. See 
Comment 2. 


Tungsten, 2800 K 


X (pm) 

ex 

X (pm) 

ex 

0.3 

0.47 

2.0 

0.26 

0.4 

0.48 

4.0 

0.17 

0.5 

0.47 

6.0 

0.05 

0.6 

0.44 

8.0 

0.03 

1.0 

0.38 

10 

0.03 


Aluminum oxide, 1400 K 


X (pm) 

ex 

X (pm) 

ex 

0.6 

0.19 

4.5 

0.50 

0.8 

0.18 

5 

0.70 

1.0 

0.175 

6 

0.88 

1.5 

0.175 

10 

0.96 

2 

0.19 

12.5 

0.9 

3 

0.29 

15 

0.53 

4 

0.4 

20 

0.39 


Continued 






PROBLEM 12.33 (Cont.) 


COMMENTS: (1) The IHT code to obtain £ from £>, for the case of Ex. 12.5 spectral distribution is 
shown below. 


// Benchmarking use of INTEGRAL and LOOKUPVAL functions 

// Calculating total emissivity from spectral distribution 

/* Results: integration from 0.05 to 15 by steps of 0.02, tabulated every 10 
ILb eps eps_t T lambda LLB 

198.2 0.001 0.5579 1600 14.85 0.1982 */ 

// Emissivity integral, Eq. 12.38 

eps_t = pi * INTEGRAL(IL,lambda) / (sigma * T A 4) 

sigma = 5.67 e-8 

// Blackbody Spectral intensity, Tools | Radiation 

/* From Planck’s law, the blackbody spectral intensity is */ 

IL = eps *ILb 

ILb = l_lambda_b(lambda, T, Cl, C2) // Eq. 12.25 

//where units are ILb(W/m A 2.sr.mum), lambda (mum) and T (K) with 

Cl = 3.7420e8 // First radiation constant, Wmum A 4/m A 2 

C2 = 1,4388e4 // Second radiation constant, mum-K 

// and (mum) represents (micrometers). 

// Emissivity function 

eps = LOOKUPVAL(eps_L, 1, lambda, 2) 

/* The table file name is eps_L.lut, with 2 columns and 6 rows. See Help | Solver | 
Lookup Tables | Lookupval 
0.05 0.4 

1.99 0.4 

2 0.8 

4.99 0.8 

5 0.001 

100 0.001 7 

// Input variable 

T= 1600 


(2) For tungsten at 2800 K, the spectral limits for 98% of the blackbody spectrum are 0.51 and 
8.3 pm. For aluminum at 1400 K, the spectral limits for 98% of the blackbody spectrum are 
1.0 and 16.7 pm. For both cases, the foregoing tabulated spectral emissivity distributions are 
adequately represented for integration within the 98% limits. 



PROBLEM 12.34 


KNOWN: Spectral directional emissivity of a diffuse material at 2000K. 

FIND: (a) Total, hemispherical emissivity, (b) Emissive power over the spectral range 0.8 to 2.5 pm 
and for directions 0 < 0 < 71/6. 

SCHEMATIC: 


A. 



ASSUMPTIONS: (1) Surface is diffuse emitter. 

ANALYSIS: (a) Since the surface is diffuse, £xy is independent of direction; from Eq. 12.36, £x,e = 
EX- Using Eq. 12.38, 

POO 

e(T) = J 0 £ A (X)E U (VT)dX/E b (T) 

E(T)={ 0 £ 1 E^ b (V2000)cR/E b + } |5 E 2 E^ b p.2000)ck/E b . 

Written now in terms of F ( q xy with F(q 1 . 5 ) = 0.2732 at XT = 1.5 x 2000 = 3000 pm-K, (Table 
12 . 1 ) find, 


8(2000K) = £ 1 xF^ ) ^ 1 5 ) +£ 2 


1-E 


(0—>1.5) 


0.2x0.2732 + 0.8[l-0.2732] =0.636. < 


(b) For the prescribed spectral and geometric limits, from Eq. 12.12, 

AE = 1(T8 C i; ^ E A0 ( X ’ T ) COS0 sin0 d0 d( ^ dX 

where I), e (X, 9, (f>) = £^e I+b (AT). Since the surface is diffuse, £>, 9 = ex, and noting I/j-, is 
independent of direction and equal to E,j-/ 7 t, we can write 

. fl-5 _ ^ fr, f2.5 

fr 271 f7t/6 1 Ek(T) 

AE = 1 in in cos0 sin0 de d( ^ r 


JO Jo 

or in terms F(q X) values, 
AE = 


Id 8 <=1 EA, b (VT)dX e 2 E^, b (X,T)dX 


Eb(T) 


EbP) 



2ji 

sin 2 0 

ji 16 



X 



0 

2 

0 


o V 


7t 


{ e l [Fq—> 1.5 - ftJ^O.s] + e 2 [ f 0^2.5 -F0->1.5]}- 


From Table 12.1: XT = 0.8 x 2000 = 1600 pm-K 

XT = 2.5 x 2000 = 5000 pm-K 


F(o o. 8 )= 0.0197 


(0 -» 2 . 5 ) 


= 0.6337 


AE = < 2n x 


sin 2 7 t / 6 5.67x10 8 x2000 4 W 


7t 


• {0.2 [0.2732 - 0.0197] + 0.8[0.6337 - 0.2732]} 


m 



PROBLEM 12.35 


KNOWN: Directional emissivity, £@, of a selective surface. 

FIND: Ratio of the normal emissivity, £ n , to the hemispherical emissivity, £. 

SCHEMATIC: 



ASSUMPTIONS: Surface is isotropic in 4> direction. 

ANALYSIS: From Eq. 12.36 written on a total, rather than spectral, basis, the hemispherical 
emissivity is 


£ = 2 P* ^ £0 (0 )cos 0 sin 0 d 0 . 


JO 

Recognizing that the integral can be expressed in two parts, find 

^ £ (0 )cos 0 sin 0 d 0 + £ (0 )cos 0 sin 0 d 0 


£ = 2 


0.8 cos0 sin 0 d 0 +0.3 cos 0 sin 0 d 0 
JO J7t /4 


•71/2 


£ = 2 


£ = 2 


sin 2 0 


-M sin 20 

n/2 

1 

o 2 

Jt /4 


0.8 


0.8-^(0.50-0) + 0.3 xl(l- 0.50) 


= 0.550. 


The ratio of the normal emissivity (£ n ) to the hemispherical emissivity is 


£ 0.550 

COMMENTS: Note that Eq. 12.36 assumes the directional emissivity is independent of the (f> 
coordinate. If this is not the case, then Eq. 12.35 is appropriate. 




PROBLEM 12.35 


KNOWN: Directional emissivity, £@, of a selective surface. 

FIND: Ratio of the normal emissivity, £ n , to the hemispherical emissivity, £. 

SCHEMATIC: 



ASSUMPTIONS: Surface is isotropic in 4> direction. 

ANALYSIS: From Eq. 12.36 written on a total, rather than spectral, basis, the hemispherical 
emissivity is 


£ = 2 P* ^ £0 (0 )cos 0 sin 0 d 0 . 


JO 

Recognizing that the integral can be expressed in two parts, find 

^ £ (0 )cos 0 sin 0 d 0 + £ (0 )cos 0 sin 0 d 0 


£ = 2 


0.8 cos0 sin 0 d 0 +0.3 cos 0 sin 0 d 0 
JO J7t /4 


•71/2 


£ = 2 


£ = 2 


sin 2 0 


-M sin 20 

n/2 

1 

o 2 

Jt /4 


0.8 


0.8-^(0.50-0) + 0.3 xl(l- 0.50) 


= 0.550. 


The ratio of the normal emissivity (£ n ) to the hemispherical emissivity is 


£ 0.550 

COMMENTS: Note that Eq. 12.36 assumes the directional emissivity is independent of the (f> 
coordinate. If this is not the case, then Eq. 12.35 is appropriate. 




PROBLEM 12.36 


KNOWN: The total directional emissivity of non-metallic materials may be approximated as 
£0 = £ n cos 0 where £ n is the total normal emissivity. 

FIND: Show that for such materials, the total hemispherical emissivity, £, is 2/3 the total normal 
emissivity. 

SCHEMATIC: 



ANALYSIS: From Eq. 12.36, written on a total rather than spectral basis, the hemispherical 
emissivity £ can be determined from the directional emissivity £q as 

7t/2 

£ = 2 £q cos 9 sin 9 d 0 

With £q = £ n COS 6 , find 
n/2 9 

£ = 2 £ n | cos 0 sin 9 d 9 
n j q 

/ Q \ 7112 

£ = —2 £ n (cos^ 9/ 3J 1^ =2/3 £ n < 

COMMENTS: (1) Refer to Fig. 12.17 illustrating on cartesian coordinates representative directional 
distributions of the total, directional emissivity for nonmetallic and metallic materials. In the 
schematic above, we’ve shown £q vs. 9 on a polar plot for both types of materials, in comparison 
with a diffuse surface. 

(2) See Section 12.4 for discussion on other characteristics of emissivity for materials. 







PROBLEM 12.37 


KNOWN: Incandescent sphere suspended in air within a darkened room exhibiting these 
characteristics: 

initially : brighter around the rim 

after some time : brighter in the center 

FIND: Plausible explanation for these observations. 

ASSUMPTIONS: (1) The sphere is at a uniform surface temperature, T s . 

ANALYSIS: Recognize that in observing the 
sphere by eye, emission from the central region 
is in a nearly normal direction. Emission from 
the rim region, however, has a large angle from 
the normal to the surface. 


Note now the directional behavior, £q, for conductors and non-conductors as represented in Fig. 12.17. 

Assume that the sphere is fabricated from a metallic material. Then, the rim would appear brighter 
than the central region. This follows since £q is higher at higher angles of emission. 

If the metallic sphere oxidizes with time, then the £q characteristics change. Then £@ at small angles of 
0 become larger than at higher angles. This would cause the sphere to appear brighter at the center 
portion of the sphere. 

COMMENTS: Since the emissivity of non-conductors is generally larger than for metallic materials, 
you would also expect the oxidized sphere to appear brighter for the same surface temperature. 





PROBLEM 12.38 


KNOWN: Detector surface area. Area and temperature of heated surface. Radiant power 
measured by the detector for two orientations relative to the heated surface. 

FIND: (a) Normal emissivity of heated surface, (b) Whether surface is a diffuse emitter. 


SCHEMATIC: 

J j % z =US5A0y^ % z =SA15xlO~ e W 
L-OSm _ 

ipjfpp -Aj= SxI0~ 6 m z , T^IOOOK 


ASSUMPTIONS: (1) Detector intercepts negligible radiation from surroundings, (2) A] and A? are 
differential surfaces. 

ANALYSIS: The radiant power leaving the heated surface and intercepting the detector is 

qi2 ( 0 ) = h ( 0 ) A i cos 0 ®2—i 


I 1 (0)=e 1 (0)I b , 1 =e 1 (0)oT 1 4 /7c 


Hence, 


qi2( e ) = e i( e )^- A i cos0 A2COs9 . 

71 (l/cosq y 


Ap cos0 

“ 2 - 1 =---; 

(L/cos0)" 


£l (0 ) = 


qi2 (0 )n 


Lr 


o T| A^A2(cos0) 


(a) For the normal condition, 0=0, cos© = 1, and 81 (0) = e y n is 


e l,n 


1.155x10 W7t 


(0.5m) z 


5.67xl0 -8 W/m 2 K 4 (1000K) 4 5x10 6 m 2 x4xl0 D m 
e l,n = O- 80 - 


6 2 


(b) For the orientation with 0 = 60° and cos0 = 0.5, so that 8 j (0 = 60°) is 


El(60°) 


5.415xl0 _8 W7t 


(0.5m)^ 


5.67xlO -8 W/m 2 K 4 (1000K) 4 5xl0 -6 m 2 x4xl0 _6 m 2 (0.5) 4 


8 ! (60°) = 0.60. < 

Since 8j n A 8 i( 60°), the surface is not a diffuse emitter. 

COMMENTS: Even if e i (60°) were equal to 81 n , it could not be concluded there was diffuse 
emission until results were obtained for a wider range of 0. 



PROBLEM 12.39 


KNOWN: Radiation thermometer responding to radiant power within a prescribed spectral interval 
and calibrated to indicate the temperature of a blackbody. 

FIND: (a) Whether radiation thermometer will indicate temperature greater than, less than, or equal to 
T s when surface has £ < 1, (b) Expression for T s in terms of spectral radiance temperature and 
spectral emissivity, (c) Indicated temperature for prescribed conditions of T s and £ 

SCHEMATIC: 

Surface 
T s =1000K y 

£^(0.65M nt)=0. 7 

Targef viewed by 
fhermomefer, A+. 



ASSUMPTIONS: (1) Surface is a diffuse emitter, (2) Thermometer responds to radiant flux over 
interval dX about X. 

ANALYSIS: (a) The radiant power which reaches the radiation thermometer is 

9X =£?J?L,b(^ T s)- A t-“t (!) 

where A t is the area of the surface viewed by the thermometer (referred to as the target) and oy the 
solid angle through which A t is viewed. The thermometer responds as if it were viewing a blackbody 
at T> , the spectral radiance temperature, 

qx =I x,b(^ T x) A r“t- ( 2 ) 

By equating the two relations, Eqs. (1) and (2), find 

IX,b (X.T^) = e A,lA,,b (^’T s ). (3) 

Since £;, < 1, it follows that T,J < I^b(X, T s ) or that T> < T s . That is, the thermometer will 
always indicate a temperature lower than the true or actual temperature for a surface with £ < 1 . 

(b) Using Wien’s law in Eq. (3), find 

lx (X, T) = -C iX~ 5 exp (--C 2 / XT ) 

7t 


-c^“ 5 exp(-C 2 /XTx) = ex~ QX“ 5 exp(-C 2 / X %). 

71 71 

Canceling terms iC ] X /7t), taking natural logs of both sides of the equation and rearranging, the desired 
expression is 

i- (4) < 

T s T x c 2 

(c) For T s = 1000K and £ = 0.9, from Eq. (4), the indicated temperature is 


1 IX, 

— =-lne^ 

?X T s C 2 


1 0.65 pm 

1000K 14,388pm-K 


h t(0.9) Tx=995.3K. 


That is, the thermometer indicates 5K less than the tme temperature. 



PROBLEM 12.40 


KNOWN: Spectral distribution of emission from a blackbody. Uncertainty in measurement of 
intensity. 

FIND: Corresponding uncertainities in using the intensity measurement to determine (a) the surface 
temperature or (b) the emissivity. 

ASSUMPTIONS: Diffuse surface behavior. 


ANALYSIS: From Eq. 12.25, the spectral intensity associated with emission may be expressed as 


l X,e =£X l X,b 


X 5 [exp(C 2 /XT)-l] 


(a) To determine the effect of temperature on intensity, we evaluate the derivative, 

3I U _ (exC 1 /*)V i exp(C 2 AT)(-C 2 /W 2 ) 


3T 


{x 5 [exp(C 2 /W)-l]}" 


3I U (C 2 AT 2 )exp(C 2 AT) 


3T 


exp(C 2 /XT)-l 


l U 


Hence, 


dT _ l-exp(-C 2 /A,T) dl^e 
T " 


(C 2 /A.T) 

With (dl^ e /Ix, e ) = 0.1, C 2 =1.439xlO^|J.m K and X =10(im, 


dT 

— 


l-exp(-1439K/T) 


xO.l 


1439K/T 

T = 500 K: dT/T = 0.033 —> 3.3% uncertainty 

T = 1000 K: dT/T = 0.053 —> 5.5% uncertainty 

(b) To determine the effect of the emissivity on intensity, we evaluate 

5l X,e T IX,e 

dex _dlx,e _ 


Hence, 


*X l X,t 


= 0 . 10 —> 10 % uncertainty 


< 

< 


< 


COMMENTS: The uncertainty in the temperature is less than that of the intensity, but increases with 
increasing temperature (and wavelength). In the limit as C 2 /XT —> 0, exp (- C 2 /AT) —> 1 - C 2 /AT and 

dT/T —> d I),, e /I/.,e- The uncertainty in temperature then corresponds to that of the intensity 
measurement. The same is true for the uncertainty in the emissivity, irrespective of the value of T or 
X. 



PROBLEM 12.41 


KNOWN: Temperature, thickness and spectral emissivity of steel strip emerging from a hot roller. 
Temperature dependence of total, hemispherical emissivity. 

FIND: (a) Initial total, hemispherical emissivity, (b) In itial cooling rate, (c) Time to cool to prescribed 
final temperature. 


SCHEMATIC: 



*=§ 


1Z00K 

_jk_^ 


~S~heel 


6=3mm 


^T^ 600 K 


“A* 
0.6 
04 
o.zs\ 


1 6 


ASSUMPTIONS: (1) Negligible conduction (in longitudinal direction), convection and radiation from 
surroundings, (2) Negligible transverse temperature gradients. 

PROPERTIES: Steel (given): p = 7900 kg/m 3 , c = 640 J/kg-K, 8 = 12008,/T (K). 

ANALYSIS: (a) The initial total hemispherical emissivity is 

e i = j“od E Ab(1200)/E b (1200)]A 
and integrating by parts using values from Table 12.1, find 

XT = 1200pm ■ K —> F(o_i^ m ) = 0-002; XT = 7200pm ■ K —^ ^(0—6pm) = 0-819 


8i =0.6x0.002+0.4(0.819-0.002)+0.25(1-0.819) =0.373. < 

(b) From an energy balance on a unit surface area of strip (top and bottom), 

-E out = dE st /dt -2eoT 4 = d(pScT)/dt 


2e i o r lf _-2(0.373)5.67x 10 8 W/m 2 -K 4 (l200 K) 4 

pSc 7900kg/m 3 (0.003 m) (640 J/kg • K) 

(c) From the energy balance, 


dT ^ 
dt 


= -5.78 K/ s. 


A 


dT _ 2£ i (1200/T)aT 4 f T f dT _ 2400eiO f t 


dt 


p8c 


■J* 


T, x 3 


pSc JO 


lo dt - ' 


p8c 


7900 kg/m 3 (0.003m)640J/kg-K 


4800 KxO.373x5.67xl0 -8 W/m 2 ■ K 4 


48008^0 

A 


1 


1 


t 2 t 2 

if i i 


600 2 1200 2 


K 


-2 


- 31 Is. 


COMMENTS: Initially, from Eq. 1.9, h, = 8ja Tj 3 = 36.6 W/m~ K. Assuming a plate width of W = 

3 

lm, the Rayleigh number may be evaluated from RaL = g[)(T, - T fX3 ) (W/2) /va. Assuming T, x = 300 
K and evaluating properties at Tj = 750 K, RaL = 2.4 x 10 8 . From Eq. 9.31, Nul = 93, giving h = 10 

W/m -K. Hence heat loss by radiation exceeds that associated with free convection. To check the 

2 

validity of neglecting transverse temperature gradients, compute Bi = h(8/2)/k. With h = 36.6 W/m~-K 
and k = 28 W/m-K, Bi = 0.002 « 1. Hence the assumption is valid. 






PROBLEM 12.42 


KNOWN: Large body of nonluminous gas at 1200 K has emission bands between 2.5 - 3.5 (am and 
between 5-8 (am with effective emissivities of 0.8 and 0.6, respectively. 

FIND: Emissive power of the gas. 




ASSUMPTIONS: (1) Gas radiates only in specified bands, (2) Emitted radiation is diffuse. 
ANALYSIS: The emissive power of the gas is 

E g =eE b( T g) =Jq e X E X,b( T g) d ^ 

E g = J 2.5 £ A.,l E A,,b( T g) d ^ +J 5 e X,2 E X,b( T g) d ^ 

E g = [ £ l E (2.5-3.5pm) +£ 2 E (5-8pm) ^ g 4 . 

Using the blackbody function F(0 -Xt) horn Table 12.1 with T g = 1200 K, 

A,T(|amK) 2.5 x 1200 3.5 x 1200 5 x 1200 8 x 1200 

3000 4200 6000 9600 

F(OAT) 0.273 0.516 0.738 0.905 

so that 

E (2.5-3.5|am) = E ( 0-3.5 pm) _ ^0 -2.5pm) =0.516-0.273=0.243 
E (5-8pm) =E (0- 8(am) _E (0- 5p m) = 0.905-0.738= 0.167. 

Hence the emissive power is 

E g = [0.8x0.243+0.6x0.167]5.67xl0 _8 W/m 2 K 4 (1200 K) 4 
E g =0.295x117,573 W/m 2 =34,684 W/m 2 . < 


COMMENTS: Note that the effective emissivity for the gas is 0.295. This seems surprising since 
emission occurs only at the discrete bands. Since A max = 2.4 pm, all of the spectral emissive power is 
at wavelengths beyond the peak of blackbody radiation at 1200 K. 



PROBLEM 12.43 


KNOWN: An opaque surface with prescribed spectral, hemispherical reflectivity distribution is 
subjected to a prescribed spectral irradiation. 

FIND: (a) The spectral, hemispherical absorptivity, (b) Total irradiation, (c) The absorbed radiant flux, 
and (d) Total, hemispherical absorptivity. 

SCHEMATIC: 


1.0 T 
°<A 
<9.5+ 

A 

0 


*—Pk 




600 


5 10 15 20 





ASSUMPTIONS: (1) Surface is opaque. 


ANALYSIS: (a) The spectral, hemispherical absorptivity, a?,, for an opaque surface is given by Eq. 
12.58, 

«X=1-PA < 


which is shown as a dashed line on the distribution axes. 


(b) The total irradiation, G, follows from Eq. 12.16 which can be integrated by parts, 

f 5 fi m ^ . flO^ . j o , f20pm 




JO 


'5 pm 


JlOpm 


G^dX 


G = —x600 
2 


W 


2 

m ■ pm 


(5 - 0)pm +600 


W 


2 

m ■ pm 


(10-5)pm + i-x600 


W 


2 

m ■ pm 


x(20-10)pm 


G = 7500 W / nC 


(c) The absorbed irradiation follows from Eqs. 12.45 and 12.46 with the form 

Gabs = J () «X G xdX =a, J^ m G>dX +G^, 2 J^™ +«3 jf^™ G^dX. 

Noting that ai = 1.0 for X = 0 —» 5 pm, Cp j = 600 W/m pm for X = 5 —> 10 pm and a3 = 0 for A > 10 
pm, find that 

G abs = 1 -0(0.5x 600 W / m 2 ■ pm) (5 -0) pm + 600 W / m 2 ■ pm (0.5x 0.5) (10 - 5) pm + 0 

G abs =2250 W/m 2 . < 

(d) The total, hemispherical absorptivity is defined as the fraction of the total irradiation that is 
absorbed. From Eq. 12.45, 

n= G aM= 2250W/m^ 030 < 

G 7500 W/m 2 

COMMENTS: Recognize that the total, hemispherical absorptivity, a = 0.3, is for the given spectral 
irradiation. For a different G>,, one would then expect a different value for a. 




PROBLEM 12.44 

KNOWN: Temperature and spectral emissivity of small object suspended in large furnace of prescribed 
temperature and total emissivity. 

FIND: (a) Total surface emissivity and absoiptivity, (b) Reflected radiative flux and net radiative flux to 
surface, (c) Spectral emissive power at X = 2 pm, (d) Wavelength Xm for which one-half of total 
emissive power is in spectral region X > Xm- 

SCHEMATIC: 



ASSUMPTIONS: (1) Surface is opaque and diffuse, (2) Walls of furnace are much larger than object. 
ANALYSIS: (a) The emissivity of the object may be obtained from Eq. 12.38, which is expressed as 


, x J“eA(A)E Aj b(A,T s )dA r 

£ ( T S ) -ib~(T)-~~ £l ~ F (0—>lpm) J + e 2 L 1 - F (0^3pm) 


where, with A,T S - 400 pm-K and A 2 T S = 1200 pm-K, F, 0 ^i M ,, n = 0 and F(o_>3p m ) = 0.002. Hence, 

e (T s ) = 0.7 (0.002) + 0.5 (0.998) = 0.500 < 

The absorptivity of the surface is determined by Eq. 12.46, 


r«A (A)G A (A)dA r«A (A)E Ajb (A,T f )dA 

_ •’O 

J o °°G A (A)dA E b( T f) 


Hence, with AiT f = 2000 pm-K and A 2 T f = 6000 pm-K, F^i^m) = 0.067 and F(o^.3^ m ) = 0.738. It 
follows that 

a = a l F(o-^3pm)“ F (0^1pm) +a 2 1_F (0-+3pm) =0.7x0.671 + 0.5x0.262 = 0.601 < 

(b) The reflected radiative flux is 

G ref = pG = (l-a)E b (T f ) = 0.399x5.67xl0 -8 w/ m 2 - K 4 (2000K) 4 = 3.620xl0 5 w/ m 2 < 

The net radiative flux to the surface is 

Orad = C — p G — eE b (T s ) = CtE^ (Tf ) — £E b (T s ) 

Prad = 5-67x 10 -8 W/m 2 - K 4 0.601 (2000K) 4 -0.500(400K) 4 = 5.438xl0 5 w/m 2 < 

(c) At X = 2 pm, AT S = 800 K and, from Table 12.1, L, b (A,T)/aT 5 = 0.991 x 10 7 (pm-K sr) '. Hence, 

Continued... 



PROBLEM 12.44 (Cont.) 


I Ab =0.991x10 7 x5.67x10 8 w /m-K X ( 4Q0K ) 5 = 00575 W - 

/im • K • sr m“ . . sr 

Hence, with E*. = £>Ex, h = e>.7tl>., b , 

Ex = 0.7 (;rsr )0.0575 w/m 2 • pm • sr = 0.126 w/m 2 • pm 
(d) From Table 12.1, F (0 ^X) = 0.5 corresponds to A,T S ~ 4100 pm-K, in which case, 

A 1/2 = 4100 pm-K/400K = 10.3pm 

COMMENTS: Because of the significant difference between T f and T s , a e. With increasing T s 
Tf, e would increase and approach a value of 0.601. 



PROBLEM 12.45 


KNOWN: Small flat plate maintained at 400 K coated with white paint having spectral absorptivity 
distribution (Figure 12.23) approximated as a stairstep function. Enclosure surface maintained at 3000 K 
with prescribed spectral emissivity distribution. 

FIND: (a) Total emissivity of the enclosure surface, £ es , and (b) Total emissivity, £, and absorptivity, a, 
of the surface. 


SCHEMATIC: 


Coated plate 


Enclosed surface 


0.96 

“ 

a 3 

- 0.9 

8 2 

0.75 

— 




a X 





0.15 



nt 0.2 



_| 

i_ 




0.4 


3.0 


X(pm) 


2.0 


).(nm) 


ASSUMPTIONS: (1) Coated plate with white paint is diffuse and opaque, so that a> = £>_, (2) Plate is 
small compared to the enclosure surface, and (3) Enclosure surface is isothermal, diffuse and opaque. 

ANALYSIS: (a) The total emissivity of the enclosure surface at T es = 3000 K follows from Eq. 12.38 
which can be expressed in terms of the bond emission factor, F (0 .^t). Eq. 12.30, 


e e,s - ^(O-AjTgg) + e 2 


= 0.2x 0.738 + 0.9 [l - 0.738] = 0.383 


where, from Table 12.1, with A.,T es = 2 pm x 3000 K = 6000 pm-K, F (CUT , = 0.738. 
(b) The total emissivity of the coated plate at T = 400 K can be expressed as 


£ - «|F(o-A,T s ) + «2 F ( 0 -A 2 T s ) - F ( 0 -A!T s ) 


+ a 3 


1-F, 


'(0 -a 2 t s ) 


£ = 0.75 x 0 + 0.15 [0.002134 - 0.000] + 0.96 [l - 0.002134] = 0.958 
where, from Table 12.1, the band emission factors are: for AiT s = 0.4 x 400 = 160 pm-K, find 
F(o-^t ) = 0.000; for ^T es = 3.0 x 400 = 1200 pm-K, find f (q-A 2 T s ) = 0.002134. The total 


absorptivity for the irradiation due to the enclosure surface at T es = 3000 K is 


“ “ a l F (0-AiT es ) + «2 F (0-A2T es ) - F (0-A 2 T es ) 


+ a 3 


1-R 


'(O-^TgJ 


< 


a = 0.75x 0.002134 + 0.15 [0.8900 - 0.002134] + 0.96 [l - 0.8900] = 0.240 < 

where, from Table 12.1, the band emission factors are: for A|T CS = 0.4 X 3000 = 1200 pm-K, find 
F (0-A,T es ) = 0.002134; for A 2 T es = 3.0 x 3000 = 9000 pm-K, find F (o-A-,T es )= 0.8900. 


COMMENTS: (1) In evaluating the total emissivity and absorptivity, remember that £ = e(e x ,T s ) and a 

= a(a?,, G>J where T s is the temperature of the surface and G>_ is the spectral irradiation, which if the 
surroundings are large and isothermal, G> = E bi x(T sur ). Hence, a = a(,T sur ). For the opaque, diffuse 
surface, 0^ = £ 

(2) Note that the coated plate (white paint) has an absorptivity for the 3000 K-enclosure surface 
irradiation of a = 0.240. You would expect it to be a low value since the coating appears visually 
“white”. 


(3) The emissivity of the coated plate is quite high, £ = 0.958. Would you have expected this of a 
“white paint”? Most paints are oxide systems (high absoiptivity at long wavelengths) with pigmentation 
(controls the “color” and hence absorptivity in the visible and near infrared regions). 



PROBLEM 12.46 


KNOWN: Area, temperature, irradiation and spectral absorptivity of a surface. 

FIND: Absorbed irradiation, emissive power, radiosity and net radiation transfer from the surface. 


SCHEMATIC: 


1s=400K 

A s =4m z 



ASSUMPTIONS: (1) Opaque, diffuse surface behavior, (2) Spectral distribution of solar radiation 
corresponds to emission from a blackbody at 5800 K. 

ANALYSIS: The absorptivity to solar irradiation is 

1,7 17 a^E Xb (5800 K) A 

a s --—---—-- a l F (0.5^pm) +a 2 F (2^°o)- 

From Table 12.1, AT = 2900 pm-K: F,q 0 , 5 ^ m) = 0.250 

AT = 5800 pm-K: Fjq ^ = 0.720 

AT = 11,600 pm-K: F (0 2 pm) = 0-941 

a s = 0.8(0.720- 0.250)+ 0.9(1- 0.941) = 0.429. 

Hence, G abs =a s G s = 0.429(l200 W / m 2 ) = 515 W /m 2 . < 

The emissivity is 

J 'OO 

0 £A E Ab( 4 00 K) dA/E b = £^ 5 ^ ^ m ) + £ 2 F( 2 _>oo)- 

From Table 12.1, AT = 200 pm-K: F ( q 0 5 ^ m) = 0 

AT = 400 pm-K: F (0 1 p m ) = 0 

AT = 800 pm-K Fjo 2 pm) = 0. 

Hence, e = £2 = 0.9, 

E=£GT s 4 =0.9x5.67xl0 _8 W/m 2 -K 4 (400 K ) 4 = 1306 W/m 2 . < 

The radiosity is 

J =E + p s G s =E+(l-a s )G s = [1306+0.571xl200]W/m 2 =1991W/m 2 . < 

The net radiation transfer from the surface is 

9net =( E -as G s) A s =(1306 -515)W/m 2 x4 m 2 =3164 W. < 

COMMENTS: Unless 3164 W are supplied to the surface by other means (for example, by 
convection), the surface temperature will decrease with time. 



PROBLEM 12.47 


KNOWN: Temperature and spectral emissivity of a receiving surface. Direction and spectral 
distribution of incident flux. Distance and aperture of surface radiation detector. 

FIND: Radiant power received by the detector. 

SCHEMATIC: 



ASSUMPTIONS: (1) Target surface is diffuse, (2) A d /L « 1. 

ANALYSIS: The radiant power received by the detector depends on emission and reflection from the 
target. 

qd = Ie+r^s cos0 d _ s Acfl d _ s 
_ec»T s 4 + pG A d 


JT ejtEju, (700 K)dX 


E b (700 K) e l F (3->10pm) + e 2f(l0^°o)- 


From Table 12.1, XT = 2100 pm-K: 

XT = 7000 pm-K: 

The emissivity can be expected as 

£ =0.5 (0.8081-0.0838) +0.9(1 -0.8081) = 0.535. 

Also, 


F (0 3 gm) = 0.0838 


"'(0 —> 10 pm) 


= 0.8081. 


JT Px G x d ^ C( 1 - e x)ql d ^ 

p - Q _ _ ^ xF (()^3 pm) + ^-^ xF (3^6pm) 

p =1x0.4 + 0.5x0.6 = 0.70. 

Hence, with G = q"cos0j = 866 W / m 2 , 

0.535x5.67xl0 -8 W/m 2 K 4 (700 K) 4 + 0.7x866 W/m 2 2 10 _5 m 2 
q d =-----10 ^m z -— 

71 (lm ) 2 


q d = 2.51xl0 _o W. 


COMMENTS: A total radiation detector cannot discriminate between emitted and reflected radiation 
from a surface. 



PROBLEM 12.48 


KNOWN: Small disk positioned at center of an isothermal, hemispherical enclosure with a small 
aperture. 

FIND: Radiant power [pW] leaving the aperture. 

SCHEMATIC: 

45~ Aperture (A z ) > 777 m 

ys \ 

✓ V —Hemispherical enclosure (A^ 

\ ^^ook, £ 3 =o.as 

lisk fAj), 7i= 900K , £ J -0.7 



ASSUMPTIONS: (1) Disk is diffuse-gray, (2) Enclosure is isothermal and has area much larger than 
disk, (3) Aperture area is very small compared to enclosure area, (4) Areas of disk and aperture are 
small compared to radius squared of the enclosure. 

ANALYSIS: The radiant power leaving the aperture is due to radiation leaving the disk and to 
irradiation on the aperture from the enclosure. That is, 

qap =qi^2 +G 2 A 2- (D 

The radiation leaving the disk can be written in terms of the radiosity of the disk. For the diffuse disk, 

qi—>2 = — Jl' A 1 cos 9l' ®2-l 

7t 

( 2 ) 

and with £ = a for the gray behavior, the radiosity is 

J 1 = e l E b( T l) + P G 1 =e l oT i 4 + (l -£ l)°T 4 (3) 

where the irradiation Gi is the emissive power of the black enclosure, E|-> (T 3 ); Gi = G 2 = Eb (T 3 ). 

The solid angle cm _ 1 follows from Eq. 12.2, 

C 02 - 1 =A 2 /R 2 . (4) 


Combining Eqs. (2), (3) and (4) into Eq. (1) with G 2 =0 T 3 , the radiant power is 


qap 

qap 


1 


7t 


a 2 


£, T| + (l — £,)Ty A\ COS0!— A + A&T? 
J R 1 


4 


1 s W 

= —5.67xl(T 8 —,- j 

it trr ■ K 4 


0.7 (900K) 4 + (1 -0.7)(300K) 4 ^-(0.005m) 2 cos45°x 


n/4 (0.002m) + ^^ 0 002m )2 5 . 67 xlO _ 8 W/m 2 ■ K 4 (300K) 4 
( 0 . 100 m ) 2 4 


Pap = (36.2+0.19+1443) pW = 1479pW. < 

COMMENTS: Note the relative magnitudes of the three radiation components. Also, recognize that 
the emissivity of the enclosure £3 doesn’t enter into the analysis. Why? 



PROBLEM 12.49 


KNOWN: Spectral, hemispherical absorptivity of an opaque surface. 

FIND: (a) Solar absorptivity, (b) Total, hemispherical emissivity for T s = 340K. 

SCHEMATIC: 

ASSUMPTIONS: (1) Surface is opaque, (2) £y = ay, (3) Solar spectrum has Gy = Gy s proportional 
to E^ b (X, 5800K). 

ANALYSIS: (a) The solar absorptivity follows from Eq. 12.47. 

J*oo poo 

0 ax(A,)E^b(k.5800K)<fc/J 0 E X , h (X,5800K)dX. 

The integral can be written in three parts using F(q X) terms. 

a S =a l F(o^ 0.3) +a 2 F (0->1.5) ~ F (0^0.3) +a 3 i-^O^l.S) • 

From Table 12.1, 

XT = 0.3 x 5800 = 1740 pm-K Fjq q 3 = 0.0335 

XT = 1.5 x 5800 = 8700 pm-K F,q 15 = 0.8805. 

Hence, 

a s =0x0.0355 +0.9[0.8805-0.0335]+ 0. l[l-0.8805] = 0.774. < 

(b) The total, hemispherical emissivity for the surface at 340K will be 

J'OO 

0 E^(X)E A-b (X,340K)dX/E b (340K). 

If £y = ay, then using the ay distribution above, the integral can be written in terms of F(q —> X) values. 
It is readily recognized that since 

F( {) _5 pm 340K) ~ 0-000 at XT = 1.5x340 =510 pm-K 

there is negligible spectral emissive power below 1.5 pm. It follows then that 

£ =£X =ax =0.1 < 

COMMENTS: The assumption £y = ay can be satisfied if this surface were irradiated diffusely or if 
the surface itself were diffuse. Note that for this surface under the specified conditions of solar 
irradiation and surface temperature as ^ £. Such a surface is referred to as a spectrally selective 
surface. 




PROBLEM 12.50 


KNOWN: Spectral distribution of the absorptivity and irradiation of a surface at 1000 K. 

FIND: (a) Total, hemispherical absorptivity, (b) Total, hemispherical emissivity, (c) Net radiant flux to 
the surface. 

SCHEMATIC: 



ASSUMPTIONS: (1) ctx = e*. 


ANALYSIS: (a) From Eq. 12.46, 

J7 G X 4 j c ^ m a X G X dl + $2 d ^ + {4 G X dl 

J 0 Jo G ^ d ^ + | 2 4Hm G X dk+J^™ G A, ^ 


_ 0x1/2(2-0)5000+0.6(4-2)5000+0.6x1/2(6-4)5000 
1 /2 (2-0)5000+ (4-2) (5000)+ 1 /2(6-4)5000 

9000 

a =-= 0.45. 

20,000 


(b) From Eq. 12.38, 


r ex E^ b dX oj^E^dX 0.6j!°Ex >b dX 


£ O.OF^j^jjj^oo^ 0.6 1 F (0 ^ 2 . 

From Table 12.1, with XT = 2 pm x 1000K = 2000 pm-K, find F ( 


(0 —> 2 | 0 .m) 


= 0.0667. Hence, 


8 =0.6 [1-0.0667] = 0.56. 

(c) The net radiant heat flux to the surface is 

0rad,net =( 7 G ~E = 0 (G — £ oT 

qrad,net = 0-45(20,000W/m 2 ) -0.56x5.67 xlO -8 W / m 2 K 4 x(1000K) 4 


qrad,net = (9000-31,751) W/m 2 =-22,75 lW/m 2 . 



PROBLEM 12.51 


KNOWN: Spectral distribution of surface absorptivity and irradiation. Surface temperature. 
FIND: (a) Total absorptivity, (b) Emissive power, (c) Nature of surface temperature change. 

SCHEMATIC: 




ASSUMPTIONS: (1) Opaque, diffuse surface behavior, (2) Convection effects are negligible. 
ANALYSIS: (a) From Eqs. 12.45 and 12.46, the absorptivity is defined as 

J'OO poo 

0 <^G x dX/j 0 G^dX. 

The absorbed irradiation is, 

G abs =0.4(5000W/m 2 pmx2 pm )/2 + 0.8x5000W/m 2 pm(5-2)pm +0 =14,000W/m 2 . 
The irradiation is, 

G = (2 (imx 5000 W / m 2 ■ pm)/ 2 + (10-2) pmx 5000 W / m 2 ■ pm = 45,000 W / m 

Hence, a = 14,000 W / m 2 /45.000 W / m 2 = 0.311. < 

(b) From Eq. 12.38, the emissivity is 

J 'oo r 2 r5 

0 e A, E X,b dX /Eb = 0.4J Q /Eb + 0.8j 2 E^cR/Eb 

From Table 12.1, XT =2 pm x 1250K = 2500K, F (0 _ 2) = 0.162 

XT = 5 pm x 1250K = 6250K, F (0 _ 5) = 0.757. 

Hence, £ =0.4x0.162+0.8(0.757-0.162) = 0.54. 

E =£E b =£0 T 4 =0.54x5.67xl0 _8 W/m 2 K 4 (1250K) 4 =74,75 lW/m 2 . < 
(c) From an energy balance on the surface, the net heat flux to the surface is 
finet = 0 cG-E =(14,000-74,75l)W/m 2 =-60,75 lW/m 2 . 


Hence the temperature of the surface is decreasing. < 

COMMENTS: Note that a + e. Hence the surface is not gray for the prescribed conditions. 





PROBLEM 12.52 


KNOWN: Power dissipation temperature and distribution of spectral emissivity for a tungsten 
filament. Distribution of spectral absorptivity for glass bulb. Temperature of ambient air and 
surroundings. Bulb diameter. 

FIND: Bulb temperature. 

SCHEMATIC: 




A, (pm) 


ASSUMPTIONS: (1) Steady-state, (2) Uniform glass temperature, T s , and uniform irradiation of 
inner surface, (3) Surface of glass is diffuse, (4) Negligible absorption of radiation by filament due to 
emission from inner surface of bulb, (5) Net radiation transfer from outer surface of bulb is due to 
exchange with large surroundings, ( 6 ) Bulb temperature is sufficiently low to provide negligible 
emission at A < 2pm, (7) Ambient air is quiescent. 

PROPERTIES: Table A-4, air (assume T f = 323 K): v = 1.82 x 10 ' 5 m 2 /s, a = 2.59 x 10 ~ 5 m 2 /s,k = 
0.028 W/m-K, jS = 0.0031 K' 1 , Pr = 0.704. 

ANALYSIS: From an energy balance on the glass bulb. 


// _ // // 

%ad,i = Qrad,o + ^conv 


(T s T sur j + ll (T s Too) 


( 1 ) 


where £p =£/L>2pm =a A>2pm = 1 anc * h is obtained from Eq. (9.35) 


Nu j-j — 2 + 


0.589 Ra 


1/4 

D 


1 + (0.469/Pr) 


9/16 


n 4/9 


hD 

~k 


( 2 ) 


o 

with Ra D = g/1 (T s - T^ )D / va. Radiation absorption at the inner surface of the bulb may be 
expressed as 


9rad,i — — ® |^elec Z/fD j 

where, from Eq. (12.46), 


o=«l |" 4 (G A /G)dX+a 2 P U (G A /G)dX+a 3 r (G A /G)dA 


r 2.0 


( 3 ) 


Continued 





PROBLEM 12.52 (Cont.) 


The irradiation is due to emission from the filament, in which case (G^/G) ~ (E; t /E)f = (Cf^E^b/CfEb). 
Hence, 

a = (cq / £f ) J o ( E A, b /E b ) d ^ + («2 /£ f ) J 04 £ f,A ( E A, b /E b )d^ + («3 /£ f )J 2 £ f,/L ( E A. b /E b ) d 4 (4) 

where, from the spectral distribution of Problem 12.25, = £\ — 0.45 for A < 2j.im and £f ^ = £2 = 

0.10 for A > 2/tm. From Eq. (12.38) 

e f ={ 0 £ f,A( E A,b /E b) d;i = e l F (0^2/tm) +e 2( 1 - F (0^2/tm)) 

With AT f =2/tmx3000 K = 6000 jUm-K, F( 0 ^ 2;U m) = °- 738 from Table 12.1. Hence, 

£f =0.45x0.738+ 0.1(1-0.738) = 0.358 

Equation (4) may now be expressed as 

a = («1 /t'f )fi P(o^0.4/im) +( a 2 /£ f ) £ 1 (f(o^2 1 um) _F (o^0.4^m)) + ( a 3 /£ f ) £ 2 “ f(o->2/im) ) 

where, with AT = 0.4/mi x 3000 K = 1200 qm-K, F (0 ^ 0 .4 i um) - 0.0021. Hence, 
a = (1/0.358)0.45x0.0021+ (0.1/0.358)0.45x (0.738-0.002l)+(1/0.358)0.1 (1-0.738) = 0.168 

Substituting Eqs. (2) and (3) into Eq. (1), as well as values of = 1 and a = 0.168, an iterative 
solution yields 

T s =348.1 K < 

COMMENTS: For the prescribed conditions, =713 W/rrG, qr ac p 0 = 385.5 W/nG and 

qc 0nv =327.5 W/m 2 . 



PROBLEM 12.53 

KNOWN: Spectral emissivity of an opaque, diffuse surface. 

FIND: (a) Total, hemispherical emissivity of the surface when maintained at 1000 K, (b) Total, 
hemispherical absorptivity when irradiated by large surroundings of emissivity 0.8 and temperature 1500 
K, (c) Radiosity when maintained at 1000 K and irradiated as prescribed in part (b), (d) Net radiation 
flux into surface for conditions of part (c), and (e) Compute and plot each of the parameters of parts (a)- 
(c) as a function of the surface temperature T s for the range 750 < T s < 2000 K. 

SCHEMATIC: 



ASSUMPTIONS: (1) Surface is opaque, diffuse, and (2) Surroundings are large compared to the 
surface. 

ANALYSIS: (a) When the surface is maintained at 1000 K, the total, hemispherical emissivity is 
evaluated from Eq. 12.38 written as 

e = J 0 °° £ A F A,b (T) dA/E b (T) = e A>1 J^ 1 E A>b (T) dA/E b (T) + e X2 J“ E Ajb (T) dA/E b (T) 
e = e A,l F (0-A|T) + e A,2( 1_F (0-A 1 T)) 

where for AT = 6pm x 1000 K = 6000pm-K, from Table 12.1, find F 0 _ Ax =0.738. Hence, 

e = 0.8 x 0.738 + 0.3(1 - 0.738) = 0.669. < 

(b) When the surface is irradiated by large surroundings at T sur = 1500 K, G = E b (T sur ). 

FromEq. 12.46, 

roo / poo poo . 

« = J 0 a A G A d YJ 0 G A dA = j 0 £ A E A,b( T sur) d V E b( T sur) 

“ = e A,1 F (0-A,T sur ) + e A,2 (! - F (0-A!T sur )) 

where for AiT sur = 6 pm x 1500 K = 9000 pm-K, from Table 12.1, find F^q_ AX j = 0.890 . Hence, 

a = 0.8 x 0.890 + 0.3 (1 - 0.890) = 0.745. < 

Note that a } = e a for all conditions and the emissivity of the surroundings is irrelevant. 

(c) The radiosity for the surface maintained at 1000 K and irradiated as in part (b) is 

J = £E b (T) + pG = £E b (T) + (1 — a)E b (T sur ) 

J = 0.669 x 5.67 x 10' 8 W/m 2 -K 4 (1000 K) 4 + (1 - 0.745) 5.67 x 10 8 W/m 2 -K 4 (1500 K) 4 
J = (37,932 + 73,196) W/m 2 = 111,128 W/m 2 < 


Continued... 



PROBLEM 12.53 (Cont.) 


(d) The net radiation flux into the surface with G = ctT 4 ir is 
q'rad.in = OcG - eE b (T) = G - J 

q"rad,in = 5.67 X 10 8 W/m 2 K (1500 K) 4 - 111,128 W/m 2 
qVin = 175,915 W/m 2 . < 




(e) The foregoing equations were entered into the IHT workspace along with the IHT Radiaton Tool, 
Band Emission Factor , to evaluate F (() _ XX) values and the respective parameters for parts (a)-(d) were 

computed and are plotted below. 



o 

c/> 

CL 

CD 



Surface temperature, Ts (K) 

—Emissivity, eps 
-Absorptivity, alpha; Tsur = 1500K 


Note that the absorptivity, a = «(a^,T sur J, remains constant as T s changes since it is a function of 
a^ (or £^) and Tsur only. The emissivity £ = £(£^,T S ) is a function of T s and increases as T s 
increases. Could you have surmised as much by looking at the spectral emissivity distribution? At what 
condition is £ = a? 



Surface temperature, Ts (K) 

- Radiosity, J (W/m A 2) 

o Net radiation flux in, q"radin (W/m A 2) 


The radiosity, Ji increases with increasing T s since E b (T) increases markedly with temperature; the 
reflected irradiation, (1 - a)E b (T sur ) decreases only slightly as T s increases compared to E b (T). Since G is 
independent of T s , it follows that the variation of q xac j j n will be due to the radiosity change; note the 
sign difference. 

COMMENTS: We didn’t use the emissivity of the surroundings (£ = 0.8) to determine the irradiation 
onto the surface. Why? 







PROBLEM 12.54 


KNOWN: Furnace wall temperature and aperture diameter. Distance of detector from aperture and 
orientation of detector relative to aperture. 

FIND: (a) Rate at which radiation from the furnace is intercepted by the detector, (b) Effect of 
aperture window of prescribed spectral transmissivity on the radiation interception rate. 


SCHEMATIC: 



0 . 8 - 



> A 


ASSUMPTIONS: (1) Radiation emerging from aperture has characteristics of emission from a 
blackbody, (2) Cover material is diffuse, (3) Aperture and detector surface may be approximated as 
i nf initesimally small. 

ANALYSIS: (a) From Eq. 12.5, the heat rate leaving the furnace aperture and intercepted by the 
detector is 

q = Ie A a cosOl -a • 

From Eqs. 12.14 and 12.28 


, _ E b (Tf ) o T f 4 5.67 xl0“ 8 (1500) 4 _ n 

ip — — — —y. 


14xl0 4 W/m 2 sr. 


7t 


7t 


71 


From Eq. 12.2, 


CO 


A n _A s -cos 02 _ 10 5 m 2 xcos45 <: 


s-a - 2 

r 


(Imr 


0.707x10 J sr. 


cos30°x0.707xl0 _5 sr = 1.76 x10 _4 W. < 


Hence 

q = 9.14 x 10 4 W/m 2 • sr 7t(0.02m) 2 /4 
(b) With the window, the heat rate is 
q=x(l e A a cosOiCC^-a) 

where X is the transmissivity of the window to radiation emitted by the furnace wall. From Eq. 12.55, 

J *00 rOO 

O^GxdA. L x X E U (T f )dX 


J *oo poo 

0 l n EA.bdX 


{l ' 8 J n (E/..h ;; Eh — 61.Shj f ) —^2nni)■ 


0 


With XT = 2 pm x 1500K = 3000 pm-K, Table 12.1 gives F(q 2 g m ) = 0.273. Hence, with x = 0.273 x 
0.8 = 0.218, find 


q =0.218x1.76 x10 _4 W =0.384x10 _4 W. 


< 



PROBLEM 12.55 


KNOWN: Thermocouple is irradiated by a blackbody furnace at 1500 K with 25 mm’ aperture. Optical 
fiber of prescribed spectral transmissivity in sight path. 

FIND: (a) Distance L from the furnace detector should be positioned such that its irradiation is G = 50 
W/m” and, (b) Compute and plot irradiation, G, vs separation distance L for the range 100 < L < 400 mm 
for blackbody furnace temperatures of T f = 1000, 1500 and 2000 K. 

SCHEMATIC: 




ASSUMPTIONS: (1) Furnace aperture emits diffusely, (2) A d « L 2 . 


ANALYSIS: (a) The irradiation on the detector due to emission from the furnace which passes through 
the filter is defined as 


G d =qf^d/A d =50w/m 2 

where the power leaving the furnace and intercepted at the detector is 

, ^ r ^ 

Of —>d = i l ( ' A f cos0 f '®d-f ^filter = 


trT 


A d 

• Af cos 9 f ■ -z- 


x 


^filter ■ 


(1) 

( 2 ) 


The transmittance of the filter is 


^filter = LU^b-TT + *A2 d - ^-AT ) = 0 x 0.4036 + 0.8(1 - 0.4036) = 0.477 (3) 

where = 0.4036 with AT = 2.4x1500 = 3600 pm-K from Table 12.1. Combining Eqs. (1) and (2) 

and substituting numerical values, 


G d =(l/^)5.67xl0 8 w/m 2 -K 4 x(1500K) 4 (25x10 6 m 2 xl)(A d /L 2 ) x 0.477/A d =50w/m 2 
find 


L = 147 mm. < 

(b) Using the foregoing equations in the IHT workspace along with the IHT Radiation Tool , Band 
Emission Factor, G was computed and plotted as a function of L for selected blackbody temperatures. 



- Tf = 1000 K 

—e— Tf = 1500 K 
-B- Tf = 2000 K 


Continued... 





PROBLEM 12.55 (Cont.) 


The irradiation decreases with increasing separation distance x as the inverse square of the distance. At 
any fixed separation distance, the irradiation increases as T f increases. In what manner will G depend 
upon T f ? Is G ~ T f 4 ? Why not? 

COMMENTS: The IHT workspace used to generate the above plot is shown below. 

// Irradiation, Eq (2): 

G = qfd / Ad 

qfd = lef * Af * omegadf * tauf 

omegadf = Ad / L A 2 

lef = Ebf / pi 

Ebf = sigma * Tf A 4 

sigma = 5.67e-8 

//Transmittance, Eq (3): 

tauf = taul * FLITf + tau2 * (1 - FLITf) 

/* The blackbody band emission factor, Figure 12.14 and Table 12.1, is 7 
FL1 Tf = F_lambda_T(lambda1 ,Tf) // Eq 12.30 
// where units are lambda (micrometers, mum) and T (K) 

// Assigned Variables: 

G = 50 // Irradiation on detector, W/m A 2 

Tf = 1000 // Furnace temperature, K 

//Tf = 1500 
//Tf = 2000 

Af = 25*1e-6 //Furnace aperture, m A 2 

Ad = 0.003 * 0.007 // Detector area, m A 2 

taul =0 // Spectral transmittance, <= lambdal 

tau2 = 0.8 // Spectral transmittance, >= Iambda2 

lambdal = 2.4 //Wavelength, mum 

//L = 0.194 // Separation distance, m 

L_mm = L * 1000 // Separation distance, mm 

/* Data Browser Results - Part (a) 

Ebf FLITf lef L omegadf qfd tauf Ad Af Df G 

Tf lambdal sigma taul tau2 

2.87E5 0.4036 9.137E4 0.1476 0.0009634 0.00105 0.4771 2.1 E-5 2.5E-5 0.025 

50 1500 2.4 5.67E-8 0 0.8 7 



PROBLEM 12.56 


KNOWN: Spectral transmissivity of a plain and tinted glass. 

FIND: (a) Solar energy transmitted by each glass, (b) Visible radiant energy transmitted by each with 
solar irradiation. 


SCHEMATIC: 


0.9— 



0.3 


Pi a i n g/ass 
l~infed g/ass 


ASSUMPTIONS: (1) Spectral distribution of solar irradiation is proportional to spectral emissive 
power of a blackbody at 5E00K. 

ANALYSIS: To compare the energy transmitted by the glasses, it is sufficient to calculate the 
transmissivity of each glass for the prescribed spectral range when the irradiation distribution is that of 
the solar spectrum. From Eq. 12.55, 

=[,7 t A -Ga,S<M 7 G =17^ E Vb <^5800K) A/E b (5800K). 


Recognizing that x>, will be constant for the range U] —>A, 2 , using Eq. 12.31, find 

F((^ 2 )—W,)_- 

(a) For the two glasses, the solar transmissivity, using Table 12.1 for F, is then 
Plain glass: A, 2 = 2.5 pm A, 2 T = 2.5 pm x 5800K = 14,500 pm-K 

Xi = 0.3 pm T = 0.3 pm x 5800K = 1,740 pm-K 




F (0 -»to) = 0-966 
F(o^) = 0-033 


x s = 0.9 [0.966 - 0.033] = 0.839. 

Tinted glass: X 2 = 1.5 pm A, 2 T = 1.5 pm x 5800K = 8,700 pm-K 

Xi = 0.5 pm A,| T = 0.5 pm x 5800K=2,900 pm-K 


< 

=0.881 
F( 0 ^ Xl ) =0.033 


x s = 0.9 [0.886 - 0.250] = 0.568. < 

(b) The limits of the visible spectrum are X] = 0.4 and Xi = 0.7 pm. For the tinted glass, A,] = 0.5 pm 
rather than 0.4 pm. From Table 12.1, 

A 2 = 0.7 pm A 2 T = 0.7 pm x 5800K = 4,060 pm-K ) = 0.491 

Xi = 0.5 pm A,| T = 0.5 pm x 5800K = 2,900 pm-K ) = 0.250 

Xi = 0.4 pm A,| T = 0.4 pm x 5800K=2,320 pm-K ) = 0.125 

Plain glass: x v i s = 0.9 [0.491 - 0.125] = 0.329 < 

Tinted glass: x v i s = 0.9 [0.491 - 0.250] = 0.217 < 

COMMENTS: For solar energy, the transmissivities are 0.839 for the plain glass vs. 0.568 for the 
plain and tinted glasses. Within the visible region, X VLS is 0.329 vs. 0.217. Tinting reduces solar flux by 
32% and visible solar flux by 34%. 





PROBLEM 12.57 


KNOWN: Spectral transmissivity and reflectivity of light bulb coating. Dimensions, temperature 
and spectral emissivity of a tungsten filament. 

FIND: (a) Advantages of the coating, (b) Filament electric power requirement for different coating 
spectral reflectivities. 

SCHEMATIC: 

1 

PX 

0 

0 A c X 

ASSUMPTIONS: (1) All of the radiation reflected from the inner surface of bulb is absorbed by the 
filament. 

ANALYSIS: (a) For A c = 0.7 /dm, the coating has two important advantages: (i) It transmits all of 
the visible radiation emitted by the filament, thereby maximizing the lighting efficiency, (ii) It returns 
all of the infrared radiation to the filament, thereby reducing the electric power requirement and 
conserving energy, (b) The power requirement is simply the amount of radiation transmitted by the 
bulb, or 

P elec = Af E (o ^ 4 ) = ft (DL + D" - / 2 j E^ <b dA 

From the spectral distribution of Problem 12.25, Ex = 0.45 for both values of A c . Hence, 

P elec ={;r 0.0008x0.02+ (0.0008) 2 /2 m 2 |o.45E b J^ c (e A b /E b )dA 

P elec = 5.13x 10 -5 m 2 x 0.45 x 5.67 x 10~ 8 W / m 2 ■ K 4 (3000 K) 4 F( 0 ^ j 
p elec =106 W 

For A c = 0.1/dm, A c T = 2100 ^tm-K andfromTable 12.1, F^q_^ j =0.0838. Hence, 

^ =0.7)Um: P e i ec =106 Wx0.0838 = 8.88 W < 

For ?i c = 2 /d m, X c T = 6000 /dm ■ K and F^q^^, ) = 0.738. Hence, 

4 =2.0^m: P elec =106 Wx0.738 = 78.2 W < 

COMMENTS: Clearly, significant energy conservation could be realized with a reflective coating 
and A c = 0.7 /dm. Although a coating with the prescribed spectral characteristics is highly idealized 
and does not exist, there are coatings that may be used to reflect a portion of the infrared radiation 
from the filament and to thereby provide some energy savings. 







PROBLEM 12.58 


KNOWN: Spectral transmissivity of low iron glass (see Fig. 12.24). 
FIND: Interpretation of the greenhouse effect. 

SCHEMATIC: 


Crreenhou.se 
interior. ~T=2 7°C 



ow-tron 


ANALYSIS: The glass affects the net radiation transfer to the contents of the greenhouse. Since 
most of the solar radiation is in the spectral region X < 3 pm, the glass will transmit a large fraction of 
this radiation. However, the contents of the greenhouse, being at a comparatively low temperature, 
emit most of their radiation in the medium to far infrared. This radiation is not transmitted by the glass. 
Hence the glass allows short wavelength solar radiation to enter the greenhouse, but does not permit 
long wavelength radiation to leave. 



PROBLEM 12.59 


KNOWN: Spectrally selective, diffuse surface exposed to solar irradiation. 


FIND: (a) Spectral transmissivity, x^, (b) Transmissivity, x§, reflectivity, p§, and absorptivity, as, for 
solar irradiation, (c) Emissivity, £, when surface is at T s = 350K, (d) Net heat flux by radiation to the 
surface. 


SCHEMATIC: 


1.0 

^A 

- 

,Z 

-OC A.l 

r A 

^A 

1.0 

0.7 

0.1 

- jf- T X 

z~ —1 

z 

0 

1.38 > X (juttj) 


0 

1. 38 




ASSUMPTIONS: (1) Surface is diffuse, (2) Spectral distribution of solar irradiation is proportional to 
E U (X, 5800K). 


ANALYSIS: (a) Conservation of radiant energy requires, according to Eq. 12.56, that Px + 

=1 or x^ = 1 - p^ - Hence, the spectral transmissivity appears as shown above (dashed line). Note 
that the surface is opaque for X > 1.38 pm. 

(b) The transmissivity to solar irradiation, G$, follows from Eq. 12.55, 

POO POO 

*S =1 0 <»./G s = J 0 UE X ,b(V5800K) A/E b (5800K) 

^S=tVbIo 38E Vb( > -5800K)ca/E b (5800K)=x x>1 F (0 ^ ) =0.7x8.56 = 0.599 < 


where X] Ts = 1.38 x 5800 = 8000 pm-K and from Table 12.1, \ = 0.856. From Eqs. 12.52 

and 12.57, 


poo . 

PS = J 0 PA G A,,S d ^ / G S = P A,1 F (0^Aj ) = 0. lx 0.856 = 0.086 < 

a s =l-p s -x s =1-0.086-0.599=0.315. < 

(c) For the surface at T s = 350K, the emissivity can be determined from Eq. 12.38. Since the surface 
is diffuse, according to Eq. 12.65, «>, = e^, the expression has the form 

POO poo 

e=J 0 exEx,b(T s )dX/E b (T s ) = j 0 a x E x?b (350K)dl/E b (350K) 

e = a A,l F (0-1.38pm) + a A,2 1 _F (0-1.38pm) = a A,2 =1 
where from Table 12.1 with Aj Ts = 1.38 x 350 = 483 pm-K, f (o-At) ~0- 


(d) The net heat flux by radiation to the 
surface is determined by a radiation balance 

flrad = G S - PsPS~^S G S -E 

flrad = a S G S- E 

flrad = 0.315x750 W / m 2 -1.0x5.67xl0 -8 W/m 2 -K 4 (350K) 4 = -615 W / m 2 . < 







PROBLEM 12.60 


KNOWN: Large furnace with diffuse, opaque walls (Tf, ef) and a small diffuse, spectrally selective 
object (T 0 , Tfc p>J. 


FIND: For points on the furnace wall and the object, find 8, a, E, G and J. 

SCHEMATIC: 


Tf^zoooK 
Joint' A 



1.0 

0 


~ 1 f 

5 A fa™) 


ASSUMPTIONS: (1) Furnace walls are isothermal, diffuse, and gray, (2) Object is isothermal and 
diffuse. 

ANALYSIS: Consider first the furnace wall (A). Since the wall material is diffuse and gray, it 
follows that 

£ A = e f = «a = 0 -85. < 

The emissive power is 

E a = e A E b (T f ) = e A cT f = 0.85x5.67x 10 -8 W/m 2 • K 4 (3000 K) 4 =3.904xl0 6 W/m 2 . < 

Since the furnace is an isothermal enclosure, blackbody conditions exist such that 

G a = J A = E b (T f ) = gT 4 = 5.67xlO -8 W/m 2 K 4 (3000K) 4 =4.593xl0 6 W/m 2 . < 

Considering now the semitransparent, diffuse, spectrally selective object at T 0 = 300 K. From the 
radiation balance requirement, find 

ax=l-PA -T A or oq = 1-0.6-0.3 = 0.1 and CC 2 =l-0.7-0.0 = 0.3 

r oo 

a B = L GC^G^dA/G = Ip_^T a i+ (l _I b-A,T )' a 2 = 0.970x0.1+ (1-0.970)x0.3 = 0.106 < 

•'0 

where Fq _ >, j = 0.970 at AT = 5 pm x 3000 K = 15,000 pm-K since G = E^(T t ). Since the object is 
diffuse, £\ = ax, hence 

= l 0 ” e kEx,b (T 0 )dA /E b o = F 0 _^ T a, + (l -F q _ Xt ) a 2 = 0.0138x0.1+ (l -0.0138)x0.3 = 0.297 < 
where Fo A 7 = 0.0138 at AT = 5 pm x 300 K = 1500 pmK. The emissive power is 

E b =£ B E b b (T 0 ) =0.297x5.67 xl0 _8 W/m 2 ■ K 4 (300 K) 4 =136.5 W/m 2 . < 

The irradiation is that due to the large furnace for which blackbody conditions exist, 

G B = G A = oT 4 =4.593xl0 6 W/m 2 . < 

The radiosity leaving point B is due to emission and reflected irradiation, 

J B =E b +p B G B =136.5 W/m 2 +0.3x4.593xl0 6 W/m 2 =1.378xl0 6 W/m 2 . < 

6 2 

If we include transmitted irradiation, Jg = Eg + (Pb + ^b) Gg = Eg + (1 - ag) Gg = 4.106 x 10 W/m“. 
In the first calculation, note how we set p g ~ P /, iA < 5 pm). 





PROBLEM 12.61 


KNOWN: Spectral characteristics of four diffuse surfaces exposed to solar radiation. 
FIND: Surfaces which may be assumed to be gray. 


SCHEMATIC: 



ol 


0.3|_ 

0 



ASSUMPTIONS: (1) Diffuse surface behavior. 

ANALYSIS: A gray surface is one for which «>, and £y, are constant over the spectral regions of the 
irradiation and the surface emission. 


For X = 3 pm and T = 5800K, XT = 17,400 pm-K and from Table 12.1, find F(q = 0.984. Hence, 
98.4% of the solar radiation is in the spectral region below 3 pm. 

For X = 6 pm and T = 300K, XT = 1800 pm-K and from Table 12.1, find F(q -> X) = 0.039. Hence, 

96.1 % of the surface emission is in the spectral region above 6 pm. 


Hence: 

Surface A is gray: 

a s ~ 

e = 0.8 

< 


Surface B is not gray: 

as « 

0.8, 8 » 0.3 

< 


Surface C is not gray: 

as « 

; 0.3, £ « 0.7 

< 


Surface D is gray: 

a s = 

CO 

II 

p 

u> 

< 



PROBLEM 12.62 


KNOWN: A gray, but directionally selective, material with a (0, <)>) = 0.5(1 - cost])). 

FIND: (a) Hemispherical absorptivity when irradiated with collimated solar flux in the direction (0 = 
45° and cf> =0°) and (b) Hemispherical emissivity of the material. 


SCHEMATIC: 



<X^ p- 05(l-COS <p ) 



ASSUMPTIONS: (1) Gray surface behavior. 

ANALYSIS: (a) The surface has the directional absorptivity given as 
a(Q ,§)=ax$ = 0.5[1 — cost))]. 

When irradiated in the direction 0 = 45° and (|) = 0°, the directional absorptivity for this condition is 

a(45° 0P) = 0.5[l-cos(0°)] = 0. < 

That is, the surface is completely reflecting (or transmitting) for irradiation in this direction. 

(b) From Kirchhoff’s law, 

«0,4) =e ©,4) 

so that 

£0,(^ =00,4) =0.5(l-cos4>). 

Using Eq. 12.35 find 

r 2tc r 7t / 2 . 

_J 0 J Q e^cosOsmOdOd* 

r2jt rn/2 

cos0 sin0d0d(|) 
u 



io 




PROBLEM 12.63 


KNOWN: Area and temperature of an opaque surface. Rate of incident radiation, absorbed radiation 
and heat transfer by convection. 

FIND: Surface irradiation, emissive power, radiosity, absoiptivity, reflectivity and emissivity. 


SCHEMATIC: 



G flb A = 1000W 


ASSUMPTIONS: (1) Steady-state, (2) Adiabatic sides and bottom. 

ANALYSIS: The irradiation, emissive power and radiosity are 
G = 1300 w/ 3m 2 = 433 w/ m 2 
E = Gabs-Oconv = (l000-300)w/3m 2 =233 w/m 2 
J = E + G ref = E + (G - G abs ) = [233 + (433 - 333)] w/ m 2 = 333 w/ m 2 


The absorptivity, reflectivity and emissivity are 

a = G abs /G = (333 w/ m 2 j j ^433 w/m 2 ) = 0.769 

p =l-a = 0.231 

£ = E/E b =e/cjT s 4 =233w/m 2 /5.67xl0~ 8 w/m 2 -K 4 (500K) 4 =0.066 


< 

< 

< 

< 

< 

< 


COMMENTS: The expression for E follows from a surface energy balance for which the absorbed 
irradiation is balanced by emission and convection. 










PROBLEM 12.64 


KNOWN: Isothermal enclosure at a uniform temperature provides a known irradiation on two small 
surfaces whose absorption rates have been measured. 

FIND: (a) Net heat transfer rates and temperatures of the two surfaces, (b) Absorptivity of the 
surfaces, (c) Emissive power of the surfaces, (d) Emissivity of the surfaces. 


SCHEMATIC: 


IZjir,Isothermal 
.. enclosure 



ASSUMPTIONS: (1) Enclosure is at a uniform temperature and large compared to surfaces A and 
B, (2) Surfaces A and B have been in the enclosure a long time, (3) Irradiation to both surfaces is the 
same. 


ANALYSIS: (a) Since the surfaces A and B have been within the enclosure a long time, thermal 
equilibrium conditions exist. That is, 

9A,net — OBmet — 0. 


Furthermore, the surface temperatures are the same as the enclosure, T sA = T s b = T enc . Since the 
enclosure is at a uniform temperature, it follows that blackbody radiation exists within the enclosure 
(see Fig. 12.12) and 


G - Eft (T enc ) - o T ( 


enc 


‘enc 


:(G/C) 


1/4 


6300W/m 2 75.67x10' 


’ 8 W/m 2 K 4 


d/4 


: 577.4K. 


(b) From Eq. 12.45, the absorptivity is G a b s /G, 


a A = 


5600 W/m 2 
6300 W/m 2 


0.89 


«B 


630 W /m 2 
6300 W/m 2 


0 . 10 . 


< 


< 


(c) Since the surfaces experience zero net heat transfer, the energy balance is G a b s = E. That is, the 
absorbed irradiation is equal to the emissive power, 

E a = 5600 W/m 2 E b = 630 W / m 2 . < 

(d) The emissive power, E(T), is written as 

E = £E b (T) = £gT 4 or £=E/oT 4 . 


Since the temperature of the surfaces and the emissive powers are known, 


£ A = 5600 W / nt / 


o W 4 

5.67x10 ^ —— --(577.4K) 

m 2 ■ K 4 


= 0.89 


£ B =0.10. < 


COMMENTS: Note for this equilibrium condition, £ = a. 



PROBLEM 12.65 


KNOWN: Opaque, horizontal plate, well insulated on backside, is subjected to a prescribed irradiation. 
Also known are the reflected irradiation, emissive power, plate temperature and convection coefficient 
for known air temperature. 

FIND: (a) Emissivity, absorptivity and radiosity and (b) Net heat transfer per unit area of the plate. 


SCHEMATIC: 


& r ef - 500 Wfm^i j G-Z500 W/m z 


K I rj s=zzrc 


777777 I 7777777T7777777777 




ASSUMPTIONS: (1) Plate is insulated on backside, (2) Plate is opaque. 


ANALYSIS: (a) The total, hemispherical emissivity of the plate according to Eq. 12.37 is 

E E 1200 W /m 2 „ . 

E b( T s) oT s 4 5.67xl0 _8 W/m 2 K 4 x(227 + 273) 4 K 4 

The total, hemispherical absorptivity is related to the reflectivity by Eq. 12.57 for an opaque surface. 
That is, a = 1 - p. By definition, the reflectivity is the fraction of irradiation reflected, Eq. 12.51, such 
that 

a = 1 - G ref /G =1 -500 W / m 2 / ^2500 W / m 2 ) = 1-0.20 = 0.80. < 

The radiosity, J, is defined as the radiant flux leaving the surface by emission and reflection per unit 
area of the surface (see Section 12.24). 

J = p G +£ E b =G re f +E =500 W/m 2 +1200 W/m 2 =1700 W/m 2 < 

(b) The net heat transfer is determined from 
an energy balance, 

Onet = Oin _£ lout = G “^ref -E _c lconv 


q^et = (2500 -500 -1200) W/m 2 -15 W / m 2 ■ K(227 -127)K = -700 W / m 2 . < 



An alternate approach to the energy balance using the 
radiosity, 

& _ /~1 y # 

Onet - “Oconv 

q; et = (2500-1700-1500) W/m 2 

q; e t = -700W/m 2 . 




COMMENTS: (1) Since the net heat rate per unit area is negative, energy must be added to the 
plate in order to maintain it at T s = 227°C. (2) Note that a + £. Hence, the plate is not a gray body. 
(3) Note the use of radiosity in performing energy balances. That is, considering only the radiation 
processes, q^ et = G-J. 








PROBLEM 12.66 


KNOWN: Horizontal, opaque surface at steady-state temperature of 77°C is exposed to a convection 
process; emissive power, irradiation and reflectivity are prescribed. 

FIND: (a) Absorptivity of the surface, (b) Net radiation heat transfer rate for the surface; indicate 
direction, (c) Total heat transfer rate for the surface; indicate direction. 


SCHEMATIC: 


h=Z3\Nlm*- 



ASSUMPTIONS: (1) Surface is opaque, (2) Effect of surroundings included in the specified 
irradiation, (3) Steady-state conditions. 

ANALYSIS: (a) From the definition of the thermal radiative properties and a radiation balance for an 
opaque surface on a total wavelength basis, according to Eq. 12.59, 

a =1- p =l-0.4 = 0.6. 

(b) The net radiation heat transfer rate to the surface 
follows from a surface energy balance considering only 
radiation processes. From the schematic, 

4 net,rad = (^in - ^out) ra( j 


q net,rad=G-p G-E=(1380-0.4xl380-628)W/ m 2 =200W/m 2 . 

Since q aet rac j is positive, the net radiation heat transfer rate is to the surface. 

(c) Performing a surface energy balance considering all 
heat transfer processes, the local heat transfer rate is 

fltot = (^in ~E ou t j 
// // 0 
fltot — flnet,rad — flconv 

q; ot =200 W/m 2 -28W/m 2 -K(77 -27)K =-1200 W/m 2 . < 

The total heat flux is shown as a negative value indicating the heat flux is from the surface. 

COMMENTS: (1) Note that the surface radiation 
balance could also be expresses as 

flnet,rad = G—J or OcG—E. 

Note the use of radiosity to express the radiation flux leaving the surface. 

(2) From knowledge of the surface emissive power and T s , find the emissivity as 

£ =E/oT s 4 = 628W/m 2 /(5.67xl0 _8 W/m 2 ■ K 4 )(77 + 273) 4 K 4 = 0.74. 

Since £ # a, we know the surface is not gray. 













PROBLEM 12.67 


KNOWN: Temperature and spectral characteristics of a diffuse surface at T s = 500 K situated in a large 
enclosure with uniform temperature, T sur = 1500 K. 


FIND: (a) Sketch of spectral distribution of E } and E } h for the surface, (b) Net heat flux to the 

surface, q" ra d,in (c) Compute and plot q" ra d,in as a function of T s for the range 500 < T s < 1000 K; also plot 
the heat flux for a diffuse, gray surface with total emissivities of 0.4 and 0.8; and (d) Compute and plot 
£ and a as a function of the surface temperature for the range 500 < T s < 1000 K. 

SCHEMATIC: 



ASSUMPTIONS: (1) Surface is diffuse, (2) Convective effects are negligible, (3) Surface irradiation 
corresponds to blackbody emission at 1500 K. 


ANALYSIS: (a) From Wien’s law, Eq. 1 2.27, X max T = 
2897.6 pm-K. Hence, for blackbody emission from the 
surface at T s = 500 K, 


, 2897.6pm K 

Knax =-= 5.80pm. 

500 K 


(b) From an energy balance on the surface, the net heat 
flux to the surface is 

q" rad ,in = OcG - E = aE h ( 1 500 K) - eE b (500 Kj. 
FromEq. 12.46, 



(1) 


a 


=°- 4 /, 


4 E^ b (1500) 


dA + 0.8 f° 

U 


E A , b (1500) 


dA = 0.4F (0 _ 4) -0.8[l-F (0 _ 4) ]. 


From Table 12.1 with XT = 4pm x 1500 K = 6000 pm-K, F ((M) = 0.738, find 
a = 0.4x0.738 + 0.8 (1 -0.738) = 0.505. 

FromEq. 12.38 


=0.4 


4 E A;b (500) 


dA + 0.8 P 

u 


■E A , b (500) 


dA = 0.4F(o_ 4 ) +0.8[1 -F(o_ 4 )] • 


From Table 12.1 with XT = 4pm x 500 K = 2000 pm-K, F ((MJ = 0.0667, find 
e = 0.4x0.0667 + 0.8(1 -0.0667) = 0.773. 

Hence, the net heat flux to the surface is 


Prad in =5.67x10 8 w/m 2 • K 4 [0.505x(1500 K) 4 -0.773x(500 K) 4 ] = 1.422xl0 5 w/m 2 . 


Continued.. 





PROBLEM 12.67 (Cont.) 


(c) Using the foregoing equations in the IHT workspace along with the IHT Radiation Tool , Band 
Emission Factor, q^ ac j j n was computed and plotted as a function of T s . 

250000 - 


5J 200000 
< 

E 

“ 150000 

c 

T3 
2 

ct 100000 

50000 

500 600 700 800 900 1000 

Surface temperature, Ts (K) 

—®— Grey surface, eps = 0.4 

-Selective surface, eps 

—h— Grey surface, eps = 0.8 

The net radiation heat rate, q" at | j n decreases with increasing surface temperature since E increases with 

T s and the absorbed irradiation remains constant according to Eq. (1). The heat flux is largest for the 
gray surface with £ = 0.4 and the smallest for the gray surface with £ = 0.8. As expected, the heat flux for 
the selective surface is between the limits of the two gray surfaces. 

(d) Using the IHT model of part (c), the emissivity and absorptivity of the surface are computed and 
plotted below. 




—Emissivity, eps 
—h— Absorptivity, alpha 


The absorptivity, a =a(a^,T sur j, remains constant as T s changes since it is a function of (i L (or £. ) 
and T sur only. The emissivity, £ = £(£^, T s ) is a function of T s and decreases as T s increases. Could 
you have surmised as much by looking at the spectral emissivity distribution? Under what condition 
would you expect a = £? 





PROBLEM 12.68 

KNOWN: Opaque, diffuse surface with prescribed spectral reflectivity and at a temperature of 750K 
is subjected to a prescribed spectral irradiation, Gy. 

FIND: (a) Total absorptivity, a, (b) Total emissivity, e, (c) Net radiative heat flux to the surface. 

SCHEMATIC: 



ASSUMPTIONS: (1) Opaque and diffuse surface, (2) Backside insulated. 

ANALYSIS: (a) The total absorptivity is determined from Eq. 12.46 and 12.56, 

J 'OO 

0 C^G^dX/G. (1,2) 

Evaluating by separate integrals over various wavelength intervals. 


a = 


t 1 “ Pk,l) Jj 3 G x dX + (l - pi 2 ) j 3 6 g a, dX + (l - p X 2 ) jg G^ dX Gabs 


J : G x dX+J 3 G x dX + \ e G x dX 


G 


G a bs =(l _ 0-6) 0.5x500W/m“ pm(3-l)pm +(1-0.2) 500W/m“ pm(6-3)pm 
+ (1-0.2) 0.5x500W/m 2 pm(8- ^m 

G = 0.5x500W/m“ • pmx(3- l)pm + 500W/m 2 ■ pm (6-3)pm + 0.5x500W/nC ■ pm(8-6) pm 


[200+1200+400]W/m 2 1800W/m 2 

a = ----=-= 0.720. 

[500+1500+500] W/m 2 2500W/m 2 
(b) The total emissivity of the surface is determined from Eq. 12.38 and 12.65, 
EX = and, hence e^ = 1 - • 

The total emissivity can then be expressed as 


£=J 0 £k%,b(^T s )dX/E b (T s ) = J o (l-p x )E X , b (X,T s )dX/E b (T s ) 


e = 

e = 


(i-PuUo^b (^T s )dX/E b (T s ) + (l-p^ 2 )j 3 0 °E^ b (^,T s )dX/E b (T s ) 
(l _ PA.,1 )E(0->3 pm) + (l _ Pk,2) ^ ~F(o-> 3 pm)J 


e =(l-0.6)x0.111 + (l-0.2)[l-0.111] =0.756 

where Table 12.1 is used to find Fjp _ X) = 0.111 for T s = 3 x 750 = 2250 pm-K. 
(c) The net radiative heat flux to the surface is 

Orad = ®G — £ Ep (T s ) = OtG — £ o T s 

Orad =0.720x25 00W/m 2 

-0.756x5.67xl0 -8 W/m 2 K 4 (750K) 4 = -1 l,763W/m 2 . 


< 

(3,4) 


< 


< 



PROBLEM 12.69 

KNOWN: Opaque, gray surface at 27°C with prescribed irradiation, reflected flux and convection 
process. 

FIND: Net heat flux from the surface. 


SCHEMATIC: 



T m -ITC 


h=15W/m z 'K 


/ &=1000W/m z 

tG ref --aOOWlm z 

/ j-Z-zrc 

'miur 



ASSUMPTIONS: (1) Surface is opaque and gray, (2) Surface is diffuse, (3) Effects of surroundings 
are included in specified irradiation. 

ANALYSIS: From an energy balance on the surface, the net heat 11 ux from the surface is 
Onet — ^out — *Gn 

Qnet = Qconv + E+G re f — G = h (T s — Too)+£ o T s +G re f —G. (1) 

To determine £, from Eq. 12.59 and Kirchoff’s law for a diffuse-gray surface, Eq. 12.62, 

£ —(X — 1 p —1 (Gj-gf /G)=l-(800/1000) = 1-0.8 = 0.2 (2) 

where from Eq. 12.51, p = G re f/G. The net heat flux from the surface, Eq. (1), is 

Onet =15 W/m 2 -K(27 -17)K +0.2x5.67xl0 _8 W/m 2 ■ K 4 (27 +273) 4 K 4 
+800W/m 2 -1000W/m 2 

Onet = (150 + 91.9 +800 -1000) W / m 2 =42W/m 2 . < 

COMMENTS: (1) For this situation, the radiosity is 

J =G ref +E =(800+ 91.9) W/m 2 =892W/m 2 . 

The energy balance can be written involving the radiosity (radiation leaving the surface) and the 
irradiation (radiation to the surface). 

Onet = J -G+Oconv =(892-1000 + 150)W/m 2 =42W/m 2 . 

(2) Note the need to assume the surface is diffuse, gray and opaque in order that Eq. (2) is applicable. 




PROBLEM 12.70 


KNOWN: Diffuse glass at T g = 750 K with prescribed spectral radiative properties being heated in a 
large oven having walls with emissivity of 0.75 and 1800 K. 

FIND: (a) Total transmissivity r, total reflectivity p, and total emissivity £ of the glass; Net radiative 
heat flux to the glass, (b) q^ ac j j n ; and (c) Compute and plot q gat | j n as a function of glass temperatures 

for the range 500 < T g < 800 K for oven wall temperatures of T w = 1500, 1800 and 2000 K. 

SCHEMATIC: 



0.2 1.6 A(pm) 

ASSUMPTIONS: (1) Glass is of uniform temperature, (2) Glass is diffuse, (3) Furnace walls large 
compared to the glass; £ w plays no role, (4) Negligible convection. 

ANALYSIS: (a) From knowledge of the spectral transmittance,x w , and spectral reflectivity, p- , the 
following radiation properties are evaluated: 

Total transmissivity, r: For the irradiation from the furnace walls, G^ = E^ b (X, T w ). Hence 

* = J 0 °°^%,b (A,T w )dV ctT^ » T A1 F (0 _ AX) = 0.9x0.25 = 0.225 . < 

where AT = 1.6 pm x 1800 K = 2880 pm-K - 2898 pm-K giving F (0 . W) - 0.25. 

Total reflectivity, p: With Gx = E>_, b (A,T W ), T w = 1800 K, and F 0 _xt = 0.25, 

p - PAl^o-AT) + PA 2 (l - fto-AT)) = °- 05 x °- 25 + 1 0-5 (l -- 0.25) = 0.388 < 

Total absorptivity, a: To perform the energy balance later, we’ll need a. Employ the conservation 
expression, 

a = 1 - p -r = 1 -0.388 -0.225 = 0.387 . 

Emissivity, £: Based upon surface temperature T g = 750 K, for 

AT = 1.6pmx750K = 1200pm-K, F 0 _ Ax -0.002. 

Hence for A > 1.6 pm, £-£x~0.5. ^ 

(b) Performing an energy balance on the glass, the net radiative heat flux by radiation into the glass is, 


Continued... 



PROBLEM 12.70 (Cont.) 


" _ jj" T7 // 

c lnet,in — "An — ^-out 


where G = crT, 


^netjn — 2^aG £E^ (Tg )) 
4 


eE 


b J a G 






a G 


" — 9 

^net.in — z 


0.387cr(1800K) 4 -0.5cr(750K) 4 


Onet,in = 442.8 kW/m z . 


(b) Using the foregoing equations in the IHT Workspace along with the IHT Radiation Tool, Band 
Emission Factor, the net radiative heat flux, q£ a( j j n , was computed and plotted as a function of T g for 
selected wall temperatures T w . 


700 


600 


500 


400 


300 


200 


500 


600 700 

Glass temperature, Tg (K) 


800 


—©— Tw = 1500 K 

- Tw= 1800 K 

—B— Tw = 2000 K 

As the glass temperature increases, the rate of emission increases so we’d expect the net radiative heat 
rate into the glass to decrease. Note that the decrease is not very significant. The effect of increased wall 
temperature is to increase the irradiation and, hence the absorbed irradiation to the surface and the net 
radiative flux increase. 






PROBLEM 12.71 


KNOWN: Temperature, absorptivity, transmissivity, radiosity and convection conditions for a 
semitransparent plate. 

FIND: Plate irradiation and total hemispherical emissivity. 


SCHEMATIC: 


T^SOOK, 

h^OW/mi-K 



V'comJ JG fj=5000W/r, 


PI a f-e, T= 350K, oc = 05 




ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform surface conditions. 

ANALYSIS: From an energy balance on the plate 

Ein = E 0 ut 
2G = 2q conv +2J. 

Solving for the irradiation and substituting numerical values, 

G = 40 W/ m 2 ■ K (350-300) K +5000 W /m 2 =7000 W/m 2 . < 

From the definition of J, 

J =E + pG + xG = E+(l -a)G. 

Solving for the emissivity and substituting numerical values, 

J-n-cGG (5000 W/m 2 )-0.6 (7000 W/m 2 ) 

£ =—^= ------^=0.94. < 

oT 4 5.67X10 -8 W/m 2 K 4 (350K) 

Hence, 

and the surface is not gray for the prescribed conditions. 

COMMENTS: The emissivity may also be determined by expressing the plate energy balance as 
2aG = 2q£ onv +2E. 

Hence 

eoT 4 =aG -h(T -T^) 

0.4(7000 W/m 2 )-40 W/m 2 K(50 K) 

£ =------= 0.94. 

5.67xl0 -8 W/m 2 ■ K 4 (350 K) 4 





PROBLEM 12.72 


KNOWN: Material with prescribed radiative properties covering the peep hole of a furnace and 
exposed to surroundings on the outer surface. 

FIND: Steady-state temperature of the cover, T s ; heat loss from furnace. 



ASSUMPTIONS: (1) Cover is isothermal, no gradient, (2) Surroundings of the outer surface are 
large compared to cover, (3) Cover is insulated from its mount on furnace wall, (4) Negligible 


convection on interior surface. 

PROPERTIES: Cover material (given): For irradiation from the furnace interior: Xf = 0.8, pf = 0; 
For room temperature emission: x = 0, e = 0.8. 

ANALYSIS: Perform an energy balance identifying the modes of heat transfer, 

Ein — E ou t =0 Of Gf +oc sur G sur — 2e Ef, (T s ) — h (T s —Too) = 0. (1) 

Recognize that Gf =oT^ G sur = 0 T 4 ur . (2,3) 

From Eq. 12.57, it follows that OCf = 1 —Xf - pf = 1 -0.8 -0.0 =0.2. (4) 

Since the irradiation G sur will have nearly the same spectral distribution as the emissive power of the 
cover, E h (T s ), and since G sur is diffuse irradiation, 

0t S ur — ^ —0.8. (5) 

This reasoning follows from Eqs. 12.65 and 12.66. Substituting Eqs. (2-5) into Eq. (1) and using 
numerical values, 

0.2x5.67xl0 -8 (450 + 273) 4 W/m 2 +0.8x5.67 xlO -8 x300 4 W/m 2 (2-5) 


-2x0.8x5.67x10 8 T 4 W/m 2 -50 W/m 2 K(T s -300)K = 0 < 

9.072xl0 _8 T 4 + 50T s =18,466 or T s =344K. 

The heat loss from the furnace (see energy balance schematic) is 

7t L) 2 

Of, loss = A s [ a f ^f +x fGf _e Eb (T s )J = - [(af +Xf )Gf —£ Ef, (T S )J 

Of, loss = n (0.050m) 2 /4 (0.8 + 0.2)(723K) 4 

-0.8(344K) 4 l5.67xl0 _8 W/m 2 -K 4 =29.2 W. < 







PROBLEM 12.73 


KNOWN: Window with prescribed x>. and mounted on cooled vacuum chamber passing radiation 
from a solar simulator. 

FIND: (a) Solar transmissivity of the window material, (b) State-state temperature reached by 
window with simulator operating, (c) Net radiation heat transfer to chamber. 



ASSUMPTIONS: (1) Steady-state conditions, (2) Diffuse behavior of window material, (3) Chamber 
and room surroundings large compared to window, (4) Solar simulator flux has spectral distribution of 
5800K blackbody, (5) Window insulated from its mount, (6) Window is isothermal at T w . 

ANALYSIS: (a) Using Eq. 12.55 and recognizing that G^s ~ E b y, (X, 5800K), 

XS =Tl io.38 EX ’ b ( X ’ 5800K ) dX/E b( 5800K ) =T l[ F (0->1.9pm) -!(()^().38pm)_ • 
From Table 12.1 at IT = 1.9 x 5800 = 11,020 pm-K, F (0 _+ X) = 0.932; at XT = 0.38 x 5800 pm-K = 
2,204 pm-K, F (0 X ) = 0.101; hence 

x s =0.90[0.932-0.101] =0.748. < 

Recognizing that later we’ll need as, use Eq. 12.52 to find ps 

PS - PlF(0—>0.38pm) + P2 »l.9p m ) - F(o_>o.38pm) + P3 »1.9p m ) 

p s = 0.15x0.101+ 0.05[0.932 -0.101] +0.15[l -0.932] =0.067 
a s = f _ p s - x s = 1 - 0.067 - 0.748 = 0. i 85. 

(b) Perform an energy balance on the window. 

a sGs -q w -c _c lw-sur _c lconv = 0 
a s G s -ea(4 -T c 4 )-ea (t 4 -T 4 r ) -h (T w -T„) =0, 

Recognize that p^, (X > 1.9) = 0.15 and that 8 = 1 - 0.15 = 0.85 since T w will be near 300K. 
Substituting numerical values, find by trial and error, 

0. 1 85x3000 W / m 2 - 0.85xa T2T^ - 298 4 - 77 4 Ik 4 - 28 W / m 2 ■ K (T w - 298)K = 0 

T w = 302.6K = 29.6°C. < 

(c) The net radiation transfer per unit area of the window to the vacuum chamber, excluding the 
transmitted simulated solar flux is 

q^-c =^(Ti-T 4 ) = 0.85x5.67 xl0“ 8 W/m 2 -K 4 302.6 4 - 77 4 K 4 =402W/m 2 . < 






PROBLEM 12.74 


KNOWN: Reading and emissivity of a thermocouple (TC) located in a large duct to measure gas stream 
temperature. Duct wall temperature and emissivity; convection coefficient. 

FIND: (a) Gas temperature, T^, (b) Effect of convection coefficient on measurement error. 


SCHEMATIC: 





rftrj 


Thermocouple (TC) 
support 


4— Duct wall, 

1 e w = 0.85, T w = 450 °C 




ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss from TC sensing junction to 
support, (3) Duct wall much larger than TC, (4) TC surface is diffuse-gray. 


ANALYSIS: (a) Performing an energy balance on the thermocouple, it follows that 
Ow-s Oconv — u • 

where radiation exchange between the duct wall and the TC is given by Eq. 1.7. Hence, 
£ S C7(T4 -T s 4 )-h(T s -T oo ) = 0. 

Solving for T. with T s = 180°C, 


T =T 


£qCJ a 4 
■ s (T 4 -T 4 ) 

r 'N 1 s > 


T^ = (180 + 273)K- 


0.6(5.67x10 8 W/m 2 - K 4 ) 
125 w/m 2 K 


([450 + 273] 4 -[180 + 273] 4 ) K 4 


T^ = 453 K-62.9 K = 390 K = 117°C . < 

(b) Using the IHT First Law model for an Isothermal Solid Sphere to solve the foregoing energy balance 
for T s , with T >: = 125°C, the measurement error, defined as AT = T s — T tc , was determined and is plotted 
as a function of h . 



The measurement error is enormous (AT ~ 270°C) for h = 10 W/m 2 K, but decreases with increasing h . 
However, even for h = 1000 W/m 2 K, the error (AT ~ 8°C) is not negligible. Such errors must always be 
considered when measuring a gas temperature in surroundings whose temperature differs significantly 
from that of the gas. 


Continued... 




PROBLEM 12.74 (Cont.) 


COMMENTS: (1) Because the duct wall surface area is much larger than that of the thermocouple, its 
emissivity is not a factor. (2) For such a situation, a shield about the thermocouple would reduce the 
influence of the hot duct wall on the indicated TC temperature. A low emissivity thermocouple coating 
would also help. 



PROBLEM 12.75 

KNOWN: Diameter and emissivity of a horizontal thermocouple (TC) sheath located in a large room. 
Air and wall temperatures. 

FIND: (a) Temperature indicated by the TC, (b) Effect of emissivity on measurement error. 

SCHEMATIC: 



ASSUMPTIONS: (1) Room walls approximate isothermal, large surroundings, (2) Room air is 
quiescent, (3) TC approximates horizontal cylinder, (4) No conduction losses, (5) TC surface is 
opaque, diffuse and gray. 

PROPERTIES: Table A-4 , Air (assume T s = 25 °C, T f = (T s + TJ/2 - 296 K, 1 atm): 
v =15.53xl0“ 6 m 2 /s, k = 0.026 w/m- K, a = 22.0xl0“ 6 m 2 /s, Pr = 0.708, /3 =l/T f . 


ANALYSIS: (a) Perform an energy balance on the thermocouple considering convection and radiation 
processes. On a unit area basis, with q' onv = h(T s -Too), 


Tin ^out — 0 

«G-eE b (T s )-h(T s -T oo ) = 0. (1) 

Since the surroundings are isothermal and large compared to the thermocouple, G = E b (T sur ). For the 
gray-diffuse surface, a = £. Using the Stefan-Boltzman law, E b = cfT 4 , Eq. (1) becomes 

£C7(T s 4 ur -T s 4 )-h(T s -Too) = 0. (2) 

Using the Churchill-Chu correlation for a horizontal cylinder, estimate h due to free convection. 



0.60 +_ t 1387 ^" 5 _ 

l + (0.559/Pr) 9/16 8/ ^ ? 


Ra D = 


g/3ATD 3 

va 


(3,4) 


To evaluate Ra D and Nuq , assume T s = 25°C, giving 

„ 9.8 m/s 2 (l/296 K)(25 - 20)K(0.004m) 3 

Ra D =- - - - - i -- i — 

15.53xl0“ 6 m 2 /sx22.0xl0“ 6 m 2 /s 


2 

= 8.89 w/m 2 - K . (5) 

With £ = 0.4, the energy balance, Eq. (2), becomes 

0.4x5.67xl0 -8 w/m 2 • K 4 [(30 + 273) 4 -T 4 ]K 4 - 8.89 w/m 2 • K[T S -(20 + 273)]K = 0 (6) 

where all temperatures are in kelvin units. By trial-and-error, find 

T s » 22.2°C < 

Continued... 


- 0.026 W/m K 

h =--- 

0.004m 


0.60 + - 


0.387(31.0) 


l + (0.559/0.708) 9/16 





PROBLEM 12.75 (Cont.) 


(b) The thermocouple measurement error is defined as AT =T S - T^ and is a consequence of radiation 
exchange with the surroundings. Using the IHT First Law Model for an Isothermal Solid Cylinder with 
the appropriate Correlations and Properties Toolpads to solve the foregoing energy balance for T s , the 
measurement error was determined as a function of the emissivity. 



The measurement error decreases with decreasing £, and hence a reduction in net radiation transfer from 
the surroundings. However, even for £ = 0.1, the error (AT ~ 1°C) is not negligible. 




PROBLEM 12.76 


KNOWN: Temperature sensor imbedded in a diffuse, gray tube of emissivity 0.8 positioned within a 
room with walls and ambient air at 30 and 20 °C, respectively. Convection coefficient is 5 W/m 2 - K. 


FIND: (a) Temperature of sensor for prescribed conditions, (b) Effect of surface emissivity and using a 
fan to induce air flow over the tube. 


SCHEMATIC: 



♦#/« 


c 

•— Walls 

T w - 30°C 


\*conv /— Tube with sensor, T t , s t = 0.2, 0.5 or 0.8 

€_Z3 



^ = 20 °C 
2^b425 W/m 2 K 


ASSUMPTIONS: (1) Room walls (surroundings) much larger than tube, (2) Tube is diffuse, gray 
surface, (3) No losses from tube by conduction, (4) Steady-state conditions, (5) Sensor measures 
temperature of tube surface. 


ANALYSIS: (a) Performing an energy balance on the tube, Ej n -E out = 0 . Hence, q' ac j -q” onv = 0, 
or £ t t7(T 4 - T 4 ) - h(T t -T w ) = 0 . With h = 5 W/m 2 - K and £, = 0.8, the energy balance becomes 


0.8x5.67x10 °W, 


' 2 v 4 
m • K 


(30 + 273) 4 -T t 4 K 4 = 5 W/m 2 • K[T t -(20 + 273)]K 


4.5360x10 8 


303 4 - T 4 


5[T t -293] 


which yields T t = 298 K = 25°C. < 

(b) Using the IHT First Law Model, the following results were determined. 



—•— epst = 0.8 
—*— epst = 0.5 
—■— epst = 0.2 


The sensor temperature exceeds the air temperature due to radiation absorption, which must be balanced 
by convection heat transfer. Hence, the excess temperature T t - T^, may be reduced by increasing h or 
by decreasing a t , which equals £ t for a diffuse-gray surface, and hence the absorbed radiation. 

COMMENTS: A fan will increase the air velocity over the sensor and thereby increase the convection 
heat transfer coefficient. Hence, the sensor will indicate a temperature closer to T^ 






PROBLEM 12.77 


KNOWN: Diffuse-gray sphere is placed in large oven with known wall temperature and experiences 
convection process. 

FIND: (a) Net heat transfer rate to the sphere when its temperature is 300 K, (b) Steady-state temperature 
of the sphere, (c) Time required for the sphere, initially at 300 K, to come within 20 K of the steady-state 
temperature, and (d) Elapsed time of part (c) as a function of the convection coefficient for 10 < h < 25 
W/ m 2 K for emissivities 0.2, 0.4 and 0.8. 

SCHEMATIC: 

= 300 K, D = 30 mm, e = 0.8 

£> 

400 K 

15 W/m 2 -K 

ASSUMPTIONS: (1) Sphere surface is diffuse-gray, (2) Sphere area is much smaller than the oven wall 
area, (3) Sphere surface is isothermal. 

PROPERTIES: Sphere (Given) : a = 7.25 x 10 5 m 2 /s, k = 185 W/m-K. 

ANALYSIS: (a) From an energy balance on the sphere find 

4net — 4in — 4out 

4net = O^CAg + q conv — EA S 

4net = ®°"T 0 A s + hA s (T*, — T s ) — £ctT s A s . (1) 

Note that the irradiation to the sphere is the emissive power of a blackbody at the temperature of the oven 
walls. This follows since the oven walls are isothermal and have a much larger area than the sphere area. 
Substituting numerical values, noting that a = £ since the surface is diffuse-gray and that A s = TtD 2 , find 

4net = 0.8x5.67xl0“ 8 w/m 2 -K 4 (600K) 4 + 15w/m 2 -K x(400-300)K 

-0.8 x 5.67 x 10“ 8 W/m 2 • K 4 (300K) 4 k(30 x 10~ 3 m) 2 

4net =[ 1 6.6 + 4.2 —T0] W = 1 9.8W. (1) < 

(b) For steady-state conditions, q net in the energy balance of Eq. (1) will be zero, 

0 = «(7T 0 A s + hA s (T^ - T ss ) - £cT ss A s (2) 

Substitute numerical values and find the steady-state temperature as 

T ss = 538.2K < 




Continued... 



PROBLEM 12.77 (Cont.) 


(c) Using the IHT Lumped Capacitance Model considering convection and radiation processes, the 
temperature- time history of the sphere, initially at T s (0) = T ; = 300 K, can be determined. The elapsed 
time required to reach 

T s (t 0 ) = (538.2- 20)K = 518.2K 

was found as 

t 0 = 855s = 14.3 min ^ 

(d) Using the IHT model of paid (c), the elapsed time for the sphere to reach within 20 K of its steady- 
state temperature, t f , as a function of the convection coefficient for selected emissivities is plotted below. 


Time-to-reach within 20 K of steady-state temperature 



—©— eps = 0.2 

- eps = 0.4 

—&— eps = 0.8 


For a fixed convection coefficient, t f increases with decreasing £ since the radiant heat transfer into the 
sphere decreases with decreasing emissivity. For a given emissivity, the t f decreases with increasing h 
since the convection heat rate increases with increasing h. However, the effect is much more significant 
with lower values of emissivity. 

COMMENTS: (1) Why is t f more strongly dependent on h for a lower sphere emissivity? Hint: 
Compare the relative heat rates by convection and radiation processes. 

(2) The steady-state temperature, T ss , as a function of the convection coefficient for selected 
emmissivities calculated using (2) is plotted below. Are these results consistent with the above plot of t f 
vsh? 



—©— eps = 0.2 

- eps = 0.4 

—a— eps = 0.8 





PROBLEM 12.78 


2 

KNOWN: Thermograph with spectral response in 9 to 12 pm region views a target of area 200mm 
with solid angle 0.001 sr in a normal direction. 


FIND: (a) For a black surface at 60°C, the emissive power in 9 - 12 pm spectral band, (b) Radiant 
power (W), received by thermograph when viewing black target at 60°C, (c) Radiant power (W) 
received by thermograph when viewing a gray, diffuse target having £ = 0.7 and considering the 
surroundings at T sur = 23°C. 


SCHEMATIC: 



wall 


ASSUMPTIONS: (1) Wall is diffuse, (2) Surroundings are black with T sur = 23°C. 

ANALYSIS: (a) Emissive power in spectral range 9 to 12 pm for a 60°C black surface is 
E t = E b (9-12 pm) =E b [F(0 —>12 pm)-F(0-9 pm)] 

where E b (T s ) =0 T 4 . From Table 12.1: 

X 2 T s =12x(60 + 273)- 4000pm K, F(0-12pm) = 0.491 

^T s =9 x(60+ 273) ~ 3000pm K, F(0-9pm) =0.273. 

Hence 

E t = 5.667xl0 _8 W/m 2 ■ K 4 x(60 +273) 4 K 4 [0.491-0.273] = 144.9 W / m 2 . < 

(b) The radiant power, q^, (w), received by the thermograph from a black target is determined as 


JH 

q b =— A s cosOi co 
7t 



where E t = emissive power in 9 - 12 pm spectral region, part (a) result 

2 -4 2 

A s = target area viewed by thermograph, 200mm (2 x 10 m ) 
co = solid angle thermograph aperture subtends when viewed 
from the target, 0.001 sr 

0 = angle between target area normal and view direction, 0°. 


Hence, 


0b =- 


144.9 W/m 2 


7t sr 


x^2xl0 4 m 2 jxcos0°x0.001sr =9.23pW. 


< 


Continued 





PROBLEM 12.78 (Cont.) 


(c) When the target is a gray, diffuse emitter, £ = 0.7, the thermograph will receive emitted power from 
the target and reflected irradiation resulting from the surroundings at T sur = 23°C. Schematically: 




tK s -2xlO ^7ti z 

T s = 60°C 
e-0.7 


T sur =Z3°C 


The power is expressed as 


q = q e + q r = £ qp + I r ■ A s cosG^ co 


^(0—>12pm) ^(0^9 pm) 


where 

q h = radiant power from black surface, part (b) result 

F(q . X) = band emission fraction for T sur = 23°C; using Table 12.1 

l 2 Tsur = 12 X (23 + 273) = 3552 pm-K, F( 0 _^ 2 ) = 0.394 

ki T sur = 9 x (23 + 273) = 2664 pm-K, F( 0 _ Xi ) = 0.197 

I r = reflected intensity, which because of diffuse nature of surface 

I r = p£L(i- e ) Eb ( Tsur ) . 

K K 


Hence 


q =0.7x9.23pW + (1-0.7) 


5.667 xlO -8 W / m 2 ■ K 4 x (273 + 23) 4 K 


7t sr 


x 


2xl0 _4 m 2 )xcos0°x0.001sr [0.394-0.197] 


q = 6.46 pW+1.64 pW= 8.10 pW. < 

COMMENTS: (1) Comparing the results of parts (a) and (b), note that the power to the 
thermograph is slightly less for the gray surface with £ = 0.7. From part (b) see that the effect of the 
irradiation is substantial; that is, 1.64/8.10 ~ 20% of the power received by the thermograph is due to 
reflected irradiation. Ignoring such effects leads to misinterpretation of temperature measurements 
using thermography. 

(2) Many thermography devices have a spectral response in the 3 to 5 pm wavelength region as well 
as 9 - 12 pm. 



PROBLEM 12.79 


KNOWN: Radiation thermometer (RT) viewing a steel billet being heated in a furnace. 
FIND: Temperature of the billet when the RT indicates 1160K. 

SCHEMATIC: 



ASSUMPTIONS: (1) Billet is diffuse-gray, (2) Billet is small object in large enclosure, (3) Furnace 
behaves as isothermal, large enclosure, (4) RT is a radiometer sensitive to total (rather than a 
prescribed spectral band) radiation and is calibrated to correctly indicate the temperature of a black 
body, (5) RT receives radiant power originating from the target area on the billet. 

ANALYSIS: The radiant power reaching the radiation thermometer (RT) is proportional to the 
radiosity of the billet. For the diffuse-gray billet within the large enclosure (furnace), the radiosity is 

J=£E b (T) + pG=£E b (T) + (l-£ )E b (T w ) 

J=£oT 4 +(1-e)oT 4 (1) 

where a = £, G = E^ (T w ) and E^ = o T 4 . When viewing the billet, the RT indicates T a = 1100K, 
referred to as the apparent temperature of the billet. That is, the RT indicates the billet is a blackbody 
at T a for which the radiosity will be 

Eb (T a ) = J a = o T a . (2) 


Recognizing that J a = J, set Eqs. (1) and (2) equal to one another and solve for T, the billet true 
temperature. 


T = 



1 —£ 
£ 



il/4 


Substituting numerical values, find 


T = 


0.8 


(1160K) 4 


-——(1500K ) 4 

0.8 v ’ 


1/4 


■ 999K. 


< 


COMMENTS: (1) The effect of the reflected wall irradiation from the billet is to cause the RT to 
indicate a temperature higher than the true temperature. 

(2) What temperature would the RT indicate when viewing the furnace wall assuming the wall 
emissivity were 0.85? 

(3) What temperature would the RT indicate if the RT were sensitive to spectral radiation at 0.65 pm 
instead of total radiation? Hint: in Eqs. (1) and (2) replace the emissive power terms with spectral 
intensity. Answer: 1365K. 





PROBLEM 12.80 


KNOWN: Irradiation and temperature of a small surface. 

FIND: Rate at which radiation is received by a detector due to emission and reflection from the 
surface. 

SCHEMATIC: 


AqI = 10 **771 





<£=30* 


/ G =1500W/m* 


-Ar = M~ 4 ?nZ 71 = SOOK 


ASSUMPTIONS: (1) Opaque, diffuse-gray surface behavior, (2) A s and A t | may be approximated 
as differential areas. 

ANALYSIS: Radiation intercepted by the detector is due to emission and reflection from the surface, 
and from the definition of the intensity, it may be expressed as 

q s _d = le+r^-s cos ® Aco. 

The solid angle intercepted by A<j with respect to a point on A s is 

Aco=^f = 10 -6 sr. 
r 2 

Since the surface is diffuse it follows from Eq. 12.24 that 

i -I 

x e+r - 

n 

where, since the surface is opaque and gray (e = a = 1 - p), 

J =E + p G =£ E b +(l-e)G. 


Substituting for E h from Eq. 12.28 


J=soT s 4 +(1-£)G=0.7x5.67x 1(T 8 W (500K) 4 +0.3x1500^- 

m 2 ■K 4 m 2 

or 

J = (2481+450)W/m 2 =2931W/m 2 . 

Hence 


le+r _ 


293 lW/m‘ 


Tl sr 


= 933W/m -sr 


and 

q s _ d = 933 W / m 2 - sr (lO -4 m 2 x 0.866)l(T 6 sr = 8.08x 1(T 8 W. 


< 



PROBLEM 12.81 

KNOWN: Small, diffuse, gray block with e = 0.92 at 35°C is located within a large oven whose walls 
are at 175°C with e = 0.85. 

FIND: Radiant power reaching detector when viewing (a) a deep hole in the block and (b) an area on 
the block’s surface. 

SCHEMATIC: 


Small, diffuse 
gray block , 

J^=35°C,e=0.9Z 



WenJ sur =17S°C,s^0.&5 

T\ /O n , 


ASSUMPTIONS: (1) Block is isothermal, diffuse, gray and small compared to the enclosure, (2) 
Oven is isothermal enclosure. 


ANALYSIS: (a) The small, deep hole in the isothermal block approximates a blackbody at T s . The 
radiant power to the detector can be determined from Eq. 12.54 written in the form: 


q — I e Aj -C 0 j — 


o T s 

-—• A t co t 

n 


n sr 


5.67xl0 -8 x(35+273) Z 


W 


-x- 


7t 3x10 


m 


-x0.001sr = 1.15|a.W < 


m 


2 

where A t =7t D t /4. 


Note that the hole diameter must be greater than 3mm diameter. 


(b) When the detector views an area on the surface of the block, the radiant power reaching the 
detector will be due to emission and reflected irradiation originating from the enclosure walls. In terms 
of the radiosity, Section 12.24, we can write using Eq. 12.24, 

q = Ie+r A t «t =—■ A t co t . 

7t 

Since the surface is diffuse and gray, the radiosity can be expressed as 

J =£ E[, (T s ) + p G =£ E[, (T s ) + (1 —£ )E[, (T sur ) 


recognizing that p = 1 - £ and G = E^ (T sur ). The radiant power is 
q = (T s ) + (l-£)E^(T sur )J-A t co t 


7t 


q = 


n srL 


0.92x5.67xl0 -8 (35 +273) 4 +(l-0.92)x5.67xl0 -8 (175 + 273) 4 


W / m z x 


7t(3xlO _3 ) Z 


m 


-xO.OOlsr = 1.47 |iW. 


COMMENTS: The effect of reflected irradiation when £ < 1 is important for objects in enclosures. 
The practical application is one of measuring temperature by radiation from objects within furnaces. 





PROBLEM 12.82 


KNOWN: Diffuse, gray opaque disk (1) coaxial with a ring-shaped disk (2), both with prescribed 
temperatures and emissivities. Cooled detector disk (3), also coaxially positioned at a prescribed 
location. 


FIND: Rate at which radiation is incident on the detector due to emission and reflection from Ai. 


SCHEMATIC: 


A z ,e z =W,T z =1000K- 




-Dj -10mm } 0.3 } 

T^OOK 
- L A =lm - 


-&r=10mm 

r,-500mm 


D-^-lOmm, 




-L%-lm 


ASSUMPTIONS: (1) Aj is diffuse-gray, (2) A 2 is black, (3) Ai and A 3 « R“, the distance of 
separation, (4) Ar « q, such that A 2 ~ 2 7 t q Ar, and (5) Backside of A 2 is insulated. 

ANALYSIS: The radiant power leaving Ai intercepted by A 3 is of the form 
qi -»3 =( J l/ JC )A 1 cos 0 1 co 3 _ 1 
where for this configuration of A ] and A 3 , 

01=0° C 03 _! =A 3 cos% /(L a +L b ) 2 03 =o °- 

Hence, 

qi^ 3 =(Jl/7t )Ai -A 3 / (L A +L b ) 2 Ji = pGi +eE b (Tj) = p Gi+£ gT 4 . 

The irradiation on A] due to emission from A 2 , Gq is 

Gi =q2—>1 /Ai = (I 2 ■ A2COS02 *«>1—2)/ A 1 

where 

co^_2 = A lC os0i/R- 

is constant over the surface A 2 . From geometry, 

0{ =02 = tan -1 [(q + Ar / 2)/L A ] = tan -1 [(0.500 +0.005 )/1.000] = 26.8° 

R =L a /cosOf =lm/cos26.8° = 1.12m. 

Hence, 

G 1 =(oT 4 /k)a 2 cos 26.8°- A lC os26.8°/(l.l2m) 2 /A x = 360.2W/m 2 

-2 2 

using A 2 = 27tr}Ar = 3.142 x 10 m and 

J, = (1-0.3)x360.2 W / m 2 +0.3x5.67xl0 -8 W/m 2 ■ K 4 (400 K ) 4 = 687.7 W / m 2 . 
Hence the radiant power is 




qi^3 = 





PROBLEM 12.83 


KNOWN: Area and emissivity of opaque sample in hemispherical enclosure. Area and position of 
detector which views sample through an aperture. Sample and enclosure temperatures. 

FIND: (a) Detector irradiation, (b) Spectral distribution and maximum intensities. 


SCHEMATIC: 



£,, = 0.5 

/\ s = 5 Vt77T7 Z - ) E s ~ O. 1 


ASSUMPTIONS: (1) Diffuse-gray surfaces, (2) Hemispherical enclosure forms a blackbody cavity 
about the sample, A^ » A s , (3) Detector field of view is limited to sample surface. 


ANALYSIS: (a) The irradiation can be evaluated as G t | = q s _ t |/Aj and q s _<j = I s ( e+r ) A s cp|_ s . 

2 2 2 -5 

Evaluating parameters: o\|_ s = A^/L" = 2 mm /(300 mm) = 2.22 x 10 sr, find 


s (e) 


7t 


e s gT s 

K 


0.l(5. 


67xlO -8 W/m 2 K 4 


)(400 K) 4 


: 46.2 W / m z - sr 


n sr 

S-inr / ™2 


p G (l-e s )aA 0.9 5.67xl0- o W/m^K“ (273 Kf 

I sfr'l = = i- iL —h_ =-'- l -= 90.2 W/m 2 sr 

22 71 K n sr 


7t sr 
-6 2 , 


q s _ d =(46.2 + 90.2)W/m 2 -sr(5xl0 _b m 2 x2.22xl0 _5 sr) = 1.51xl0 -8 W 

G d = 1.51xl0 -8 W/2xl0 -6 m 2 = 7.57xl0 -3 W/m 2 < 

(b) Since A, max T = 2898 pm-K, it follows that A, max( - eJ = 2898 pmK/400 K = 7.25 pm and Xmaxtr) = 2898 
pm-K/273 K = 10.62 pm. 


-»-8 



X = 7.25 pm: Table 12.1 -> I^ b (400 K) = 0.722 x 10' 4 (5.67 x 10' 8 )(400) 5 = 41.9 W/m 2 pm-sr 

I^,b(273 K) = 0.48 x 10' 4 (5.67 x 10' 8 )(273) 5 = 4.1 W/m 2 pm-sr 

h = lA,e + h,v = e s Ik,b(400 K) + pIx,b(273K) = 0.1 x 41.9 + 0.9 x 4.1 = 7.90 W/m 2 pm-sr < 
X= 10.62 pm: Table 12.1 1^(400 K) = 0.53 x 10' 4 (5.67 x 10' 8 )(400) 5 = 30.9 W/m 2 pm-sr 

L,b(273 K) = 0.722 x 10" 4 (5.67 x 10" 8 )(273) 5 = 6.2 W/m 2 pm-sr 
lx = 0.1 x 30.9 + 0.9 x 6.2 = 8.68 W/m 2 pm-sr. < 

COMMENTS: Although Th is substantially smaller than T s , the high sample reflectivity renders the 
reflected component of J s comparable to the emitted component. 





PROBLEM 12.84 

KNOWN: Sample at T s = 700 K with ring-shaped cold shield viewed normally by a radiation detector. 

FIND: (a) Shield temperature, T sh , required so that its emitted radiation is 1% of the total radiant power 
received by the detector, and (b) Compute and plot T sh as a function of the sample emissivity for the 
range 0.05 < £ < 0.35 subject to the parametric constraint that the radiation emitted from the cold shield 
is 0.05, 1 or 1.5% of the total radiation received by the detector. 

SCHEMATIC: 



ASSUMPTIONS: (1) Sample is diffuse and gray, (2) Cold shield is black, and (3) A^.Dg ,Dj" « L 2 . 


ANALYSIS: (a) The radiant power intercepted by the detector from within the target area is 

0d = 0s—>d + 0sh—>d 
The contribution from the sample is 

0s ^ d — I s e A s cos0 s Atu c |_ s @ s — 0 


Ic P £ c E 1 


A<y d-s 


’ k =e s crT s jn 
A a cos 6 a Ah 


6a = 0 ° 


0s—>d = es^Ts 4 A s A d / 


The contribution from the ring-shaped cold shield is 
Osh—>d = ^sh,e A sh cos ^sh A ®d-sh 

T sh,e = E b/ n =crT sh A 


and, from the geometry of the shield -detector, 
A sh=^(D?-Ds 2 ) 

il/2 


cos 0 s h — L t , 


(D/2) 2 =L Z t 



7 


Lt 





(1) 


Continued... 





PROBLEM 12.84 (Cont.) 


where D = (D s +D t )/2 


A<y d-sh 


A^ cos 9^ 


R 


2 


where 


R = 


2 —2 

L^+D 7 



COS Ofi = COS 0 s h 


dT s 4 h 

^sh—>d =- A sh 

n 


((D s + D t )/4)“ + l3 t 


1/2 




((D s +D t )/4)“+Lt 


( 2 ) 


The requirement that the emitted radiation from the cold shield is 1 % of the total radiation intercepted by 
the detector is expressed as 


‘fsh-d _ ^sh-d — 0 01 
Qtot ^sh-d +c ls-d 

By evaluating Eq. (3) using Eqs. (1) and (3), find 
T sh =134K 


(3) 

< 


(b) Using the foregoing equations in the IHT workspace, the required shield temperature for q s h-d/qtot = 
0.5, 1 or 1.5% was computed and plotted as a function of the sample emissivity. 



—©— Shield /total radiant power = 0.5 % 

- 1 . 0 % 

1.5% 


As the shield emission-to-total radiant power ratio decreases ( from 1.5 to 0.5% ) , the required shield 
temperature decreases. The required shield temperature increases with increasing sample emissivity for a 
fixed ratio. 




PROBLEM 12.84 

KNOWN: Sample at T s = 700 K with ring-shaped cold shield viewed normally by a radiation detector. 

FIND: (a) Shield temperature, T sh , required so that its emitted radiation is 1% of the total radiant power 
received by the detector, and (b) Compute and plot T sh as a function of the sample emissivity for the 
range 0.05 < £ < 0.35 subject to the parametric constraint that the radiation emitted from the cold shield 
is 0.05, 1 or 1.5% of the total radiation received by the detector. 

SCHEMATIC: 



ASSUMPTIONS: (1) Sample is diffuse and gray, (2) Cold shield is black, and (3) A^.Dg ,Dj" « L 2 . 


ANALYSIS: (a) The radiant power intercepted by the detector from within the target area is 

0d = 0s—>d + 0sh—>d 
The contribution from the sample is 

0s ^ d — I s e A s cos0 s Atu c |_ s @ s — 0 


Ic P £ c E 1 


A<y d-s 


’ k =e s crT s jn 
A a cos 6 a Ah 


6a = 0 ° 


0s—>d = es^Ts 4 A s A d / 


The contribution from the ring-shaped cold shield is 
Osh—>d = ^sh,e A sh cos ^sh A ®d-sh 

T sh,e = E b/ n =crT sh A 


and, from the geometry of the shield -detector, 
A sh=^(D?-Ds 2 ) 

il/2 


cos 0 s h — L t , 


(D/2) 2 =L Z t 



7 


Lt 





(1) 


Continued... 





PROBLEM 12.84 (Cont.) 


where D = (D s +D t )/2 


A<y d-sh 


A^ cos 9^ 


R 


2 


where 


R = 


2 —2 

L^+D 7 



COS Ofi = COS 0 s h 


dT s 4 h 

^sh—>d =- A sh 

n 


((D s + D t )/4)“ + l3 t 


1/2 




((D s +D t )/4)“+Lt 


( 2 ) 


The requirement that the emitted radiation from the cold shield is 1 % of the total radiation intercepted by 
the detector is expressed as 


‘fsh-d _ ^sh-d — 0 01 
Qtot ^sh-d +c ls-d 

By evaluating Eq. (3) using Eqs. (1) and (3), find 
T sh =134K 


(3) 

< 


(b) Using the foregoing equations in the IHT workspace, the required shield temperature for q s h-d/qtot = 
0.5, 1 or 1.5% was computed and plotted as a function of the sample emissivity. 



—©— Shield /total radiant power = 0.5 % 

- 1 . 0 % 

1.5% 


As the shield emission-to-total radiant power ratio decreases ( from 1.5 to 0.5% ) , the required shield 
temperature decreases. The required shield temperature increases with increasing sample emissivity for a 
fixed ratio. 




PROBLEM 12.85 


KNOWN: Infrared scanner (radiometer) with a 3- to 5-micrometer spectral bandpass views a metal plate 
maintained at T s = 327°C having four diffuse, gray coatings of different emissivities. Surroundings at 
T sur = 87°C. 

FIND: (a) Expression for the scanner output signal, S 0 , in terms of the responsivity, R (pV-m7W), the 
black coating (e c = 1) emissive power and appropriate band emission fractions; assuming R = 1 
pV-mVW, evaluate S 0 (V); (b) Expression for the output signal, S c , in terms of the responsivity R, the 
blackbody emissive power of the coating, the blackbody emissive power of the surroundings, the coating 
emissivity, £ c , and appropriate band emission fractions; (c) Scanner signals, S c (pVj, when viewing with 
emissivities of 0.8, 0.5 and 0.2 assuming R = 1 pV-m7W; and (d) Apparent temperatures which the 
scanner will indicate based upon the signals found in part (c) for each of the three coatings. 

SCHEMATIC: 



Black coating, e 0 Coating, s c < 1 


ASSUMPTIONS: (1) Plate has uniform temperature, (2) Surroundings are isothermal and large 
compared to the plate, and (3) Coatings are diffuse and gray so that £ = a and p = 1 - £. 

ANALYSIS: (a) When viewing the black coating (£ 0 = 1), the scanner output signal can be expressed as 

So=RF(V%.T s )Eb(T s ) (1) 

where R is the responsivity (pV-m 2 /W), E b (T s ) is the blackbody emissive power at T s and j j is 

the fraction of the spectral band between and A? in the spectrum for a blackbody at T s , 

F (\ -A 2 ,T s ) = F (0-A 2 ,T S ) - F (0-A| ,T s ) (2) 

where the band fractions Eq. 12.38 are evaluated using Table 12.1 with AiT s = 3 pm (327 + 273)K = 

1800 pm - K and A 2 T S = 5 pm (327 + 273) = 3000 pm - K. Substituting numerical values with R = 1 
pV m 2 /W, find 

S 0 = IpV- m 2 /w [0.2732 -0.0393]5.67x 10“ 8 w/m 2 - R 4 (600K) 4 

S 0 =1718pV < 

(b) When viewing one of the coatings (£ c < £ 0 = 1), the scanner output signal as illustrated in the 
schematic above will be affected by the emission and reflected irradiation from the surroundings, 

S c = R { F (Aj-A 2 ,T s ) £ c E b ( T s ) + f (A!-A 2 ,T sur )PcG c } (3) 

where the reflected irradiation parameters are 

Continued... 



PROBLEM 12.85 (Cont.) 


p c l £ c G c cT sur 

and the related band fractions are 

F (^l-%-T sur ) = F (0-A 2 ,T sur ) - F (0-A,,T sur ) 

Combining Eqs. (2-6) above, the scanner output signal when viewing a coating is 

Sr = RirFiTnlUT 1 — 'tlff'O’Tc +rF( r A_5,T Frn_Q,T ill 


S c - R {[ F (0-A 2 T s ) - F (0-A!T s )] £c^T s 4 + [F(o-A 2 T sur ) “ F (0-A 2 T sur )] ( F ~ e c )^ } ( 7 ) 

(c) Substituting numerical values into Eq. (7), find 

S c = 1 juV- m“/w |[0.2732 - 0.0393]£ c tr (600K) 4 + [0.0393 -0.0010](l -£ c )a (360K) 4 } 

where for A 2 T sur = 5 pm x 360 K = 1800 |xm-K, F( 0 _^ Tsur ) = 0.0393 and hT mi = 3 pm X 360 K = 1080 
(xm-K, F(o_A 1 T sur )= 0 -0010- For £ c = 0.80, find 

S c (£ c = 0.8) = 1 juV- m“/w{1375 + 7.295} w/m 2 = 1382/xV < 

S c (£ c = 0.5) = 1 /xV-m 2 /w {859.4 + 18.238} w/ m 2 = 878/xV < 

S c (£ c = 0.2) = 1/xV- m 2 /w {343.8 + 29.180} w/ m 2 = 373/xV < 

(d) The scanner calibrated against a black surface (£i = 1) interprets the radiation reaching the detector by 
emission and reflected radiation from a coating target (£ c < £ c ) as that from a blackbody at an apparent 
temperature T a . That is, 

o nr 1 , . T7 ( t 1 \ r T7, T7, v "1 


S c - RF (A, -A 2 ,T a ) E b ( T a ) - R [ F (0-A 2 T a ) “ F (0-A,X a )] ^ T a 


For each of the coatings in part (c), solving Eq. (8) using the IHT workspace with the Radiation Tool, 
Band Emission Factor, the following results were obtained, 


£ c 

S c fjLlV) 

T a (K) 

T a - T s (K) 

0.8 

1382 

579.3 

-20.7 

0.5 

878 

539.2 

-60.8 

0.2 

373 

476.7 

-123.3 


COMMENTS: (1) From part (c) results for S c , note that the contribution of the reflected irradiation 
becomes relatively more significant with lower values of £ c . 

(2) From part (d) results for the apparent temperature, note that the error, (T - T a ), becomes larger with 
decreasing £ c . By rewriting Eq. (8) to include the emissivity of the coating, 

S c = R [ F (0-A 2 T a ) - F (o-A 1 T a )] £ c ffT a 4 

The apparent temperature T a will be influenced only by the reflected irradiation. The results correcting 
only for the emissivity, £ c , are 


£ c 

0.8 

0.5 

0.2 

T„'(K) 

600.5 

602.2 

608.5 

V -tiki 

+0.5 

+2.2 

+8.5 



PROBLEM 12.86 


KNOWN: Billet at T, = 500 K which is diffuse, gray with emissivity £ t = 0.9 heated within a large 
furnace having isothermal walls at T f = 750 K with diffuse, gray surface of emissivity £ f = 0.8. 

Radiation detector with sensitive area A d = 5.0 x 10 m" positioned normal to and at a distance R = 0.5 m 
from the billet. Detector receives radiation from a billet target area A, = 3.0 x 10 6 m 2 . 

FIND: (a) Symbolic expressions and numerical values for the following radiation parameters associated 
with the target surface (t): irradiation on the target, G t ; intensity of the reflected irradiation leaving the 
target, I t , ref ; emissive power of the target, E t ; intensity of the emitted radiation leaving the target, I t , e mit; and 
radiosity of the target J,; and (b) Expression and numerical value for the radiation which leaves the target 
in the spectral region A > 4 pm and is intercepted by the radiation detector, q,^> d ; write the expression in 
terms of the target reflected and emitted intensities I,, ref and I,, crn j„ respectively, as well as other geometric 
and radiation parameters. 

SCHEMATIC: 



Tf = 750 K, &f = 0.8^ |. 



ASSUMPTIONS: (1) Furnace wall is isothermal and large compared to the billet, (2) Billet surface is 
diffuse gray, and (3) A t , A d « R". 

ANALYSIS: (a) Expressions and numerical values for radiation parameters associated with the target 
are: 


Irradiation, G,: due to blackbody emission from the furnace walls which are isothermal and large 
relative to the billet target, 

G t =E b (T f ) = crT f 4 =5.67xl0“ 8 w/m 2 -K 4 (750K) 4 =17,940w/m 2 < 


Intensity of reflected irradiation, I tje f since the billet is diffuse, I = Gj/7t from Eq. 12.19, and diffuse- 
gray, p t = 1 - £„ 

Vef =P t Gt/7r = ( 1 -£t)G t /7r 

I tref = (l — 0.9)xl9,740w /vrT /n = 57iw/ m“ sr < 

Emissive power, E,\ from the Stefan-Boltzmann law, Eq. 12.28, and the definition of the total emissivity, 
Eq. 12.37, 

E t = £t^b (^t) = 

E t = 0.9x5.67xl0 -8 w/m“- K 4 (500K) 4 = 3189 w/m“ < 


Continued... 


PROBLEM 12.86 (Cont.) 


Intensity of emitted radiation , since the billet is diffuse, I e - E/tt from Eq. 12.14, 

I temit = E t /tt = 3189 w/m 2 /^ =1015 w/m 2 -sr < 

Radiosity, J,: the radiosity accounts for the emitted radiation and reflected portion of the irradiation; for 
the diffuse surface, from Eq. 12.24, 

J t — 7T (lj re f + It,emit) 

J t =7rsr(571 + 1015)w/m 2 -sr = 4983w/m 2 < 

(b) The radiant power in the spectral region A > 4 pm leaving the target which is intercepted by the 
detector follows from Eq. 12.5, 

Ot—>d — [ireflpref + Iemitlt,emit]^t cos ^t (y d-t 
The F factors account for the fraction of the total spectral region for A > 4 pm, 

F re f =l-F(0-AT f ) = 1-0.2732 = 0.727 


F e mit = 1 - F (0 - AT t ) = 1 - 0.06673 = 0.933 


where from Eq. 12.30 and Table 12.1, for AT f = 4 pm x 750 K = 3000 pm-K, F(0 - AT f ) = 0.2732 and for 
AT, = 4 pm x 500 K = 2000 pm-K, F(0 - AT,) = 0.06673. Since the radiation detector is normal to the 
billet, cos 0, = 1. The solid angle subtended by the detector area with respect to the target area is 


®d-t 


A^cosfiE 5x10 4 m“xl _3 

d - d =--— = 2.00x10 sr 

R- (0.5m)- 


Hence, the radiant power is 

q t _^d = (0.727x571 + 0.933x1015) w/m“ -srx3.0xl0“ 6 m 2 xlx2.00xl0“ 3 sr 

q t _^d =(2.491 + 5.682)xl0“ 6 W=8.17pW < 


COMMENTS: (1) Why doesn’t the emissivity of the furnace walls, £f, affect the target irradiation? 

(2) Note the importance of the diffuse, gray assumption for the billet target surface. In what ways was 
the assumption used in the analysis? 

(3) From the calculation of the radiant power to the detector, q,^ d , note that the contribution of the 
reflected irradiation is nearly a third of the total. 



PROBLEM 12.87 


KNOWN: Painted plate located inside a large enclosure being heated by an infrared lamp bank. 

FIND: (a) Lamp irradiation required to maintain plot at T s = 140°C for the prescribed convection and 
enclosure irradiation conditions, (b) Compute and plot the lamp irradiation, Gi amp , required as a function 
of the plate temperature, T s , for the range 100 < T s < 300 °C and for convection coefficients of h = 15, 20 
and 30 W/nr-K, and (c) Compute and plot the air stream temperature, T,„, required to maintain the plate 
at 140°C as a function of the convection coefficient h for the range 10 < h < 30 W/nr-K with a lamp 
irradiation Gi amp = 3000 W/m 2 . 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) No losses on backside of plate. 

ANALYSIS: (a) Perform an energy balance on the plate, per unit area, 

E in -E out =0 (1) 


®wall' Bewail + ®lamp^lamp — 4com — B s = 0 (2) 

where the emissive power of the surface and convective fluxes are 

Bs = ^sBb (^s) = £s ' q conv = h(T s — T^) (3,4) 

Substituting values, find the lamp irradiation 

0.7 x 450 w/ m 2 + 0.6 x G lamp - 20 w/ m 2 • K(413 - 300 K 

-0.8x5.67xl0 -8 w/ m 2 • K 4 (413 K) 4 = 0 (5) 

G lamp = 5441 W/m 2 < 


(b) Using the foregoing equations in the IHT workspace, the irradiation, Gi amp , required to maintain the 
plate temperature in the range 100 < T s < 300 °C for selected convection coefficients was computed. The 
results are plotted below. 



Plate temperature, Ts (C) 


—©— h= 15 W/m A 2.K 

- h = 20 W/m A 2.K 

—A— h = 30 W/m A 2.K 


Continued... 
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As expected, to maintain the plate at higher temperatures, the lamp irradiation must be increased. At any 
plate operating temperature condition, the lamp irradiation must be increased if the convection 
coefficient increases. With forced convection (say, h > 20 W/irf-K) of the airstream at 27°C, excessive 
irradiation levels are required to maintain the plate above the cure temperature of 140°C. 

(c) Using the IHT model developed for part (b), the airstream temperature, T^, required to maintain the 
plate at T s = 140°C as a function of the convection coefficient with Gi amp = 3000 W/nr-K was computed 
and the results are plotted below. 



Convection coefficient, h (W/m A 2.K) 

As the convection coefficient increases, for example by increasing the airstream velocity over the plate, 
the required air temperature must increase. Give a physical explanation for why this is so. 

COMMENTS: (1) For a spectrally selective surface, we should expect the absorptivity to depend upon 
the spectral distribution of the source and a £. 

(2) Note the new terms used in this problem; use your Glossary, Section 12.9 to reinforce their meaning. 




PROBLEM 12.88 


KNOWN: Small sample of reflectivity, p^, and diameter, D, is irradiated with an isothermal enclosure 
at Tf. 


FIND: (a) Absorptivity, a, of the sample with prescribed p^, (b) Emissivity, e, of the sample, (c) Heat 
removed by coolant to the sample, (d) Explanation of why system provides a measure of p>,. 


\~ p ax 




SCHEMATIC: 

A /w Water 

O T f =1000Ks.\\. V coo/,n 5 

h=10W/m*K^l qq L 1 .- -n 

—T^IOOOK P A 

Em-O.Q I>=30mm 0.2 P A ,t 

Aper ^ re __^ g Q ^ ^ m ) 
ASSUMPTIONS: (1) Sample is diffuse and opaque, (2) Furnace is an isothermal enclosure with area 
much larger than the sample, (3) Aperture of furnace is small. 

ANALYSIS: (a) The absorptivity, a, follows from Eq. 12.42, where the irradiation on the sample is G 
= E b (Tf) and «>.= 1 - p>,. 

J *oo poo 

0 oc^G^dA/G = J Q (l-pA)EA,b(^1000K)dA/E b (l000K) 

« = ( 1 -pu) f (o^a.i) + ( 1 -pa,2) • 

Using Table 12.1 for Aj Tf = 4 x 1000 = 4000 pmK, F(o_jq = 0.491 giving 

a =(l-0.2)x0.491 + (l -0.8)x(l-0.49l) = 0.49. < 

(b) The emissivity, £, follows from Eq. 12.37 with £/. = d~ k = 1 - p>, since the sample is diffuse. 


poo 

e = E(T s )/E b (T s )=J 0 e X E X>b (X,300K)(a/E b (300K) 
e =(l-PX,l)F(0-Xi) + ( 1_ PX,2> 1 -) • 


Using Table 12.1 for X] T s = 4 X 300 = 1200 pmK, F(o-X) = 0.002 giving 
£ = (l-0.2)x0.002+ (1 -0.8)x(l-0.002) = 0.20. 

(c) Performing an energy balance on the sample, the 
heat removal rate by the cooling water is 

Ocool = A s + Oconv — e F b (T s )] 

where G = E b (T f ) = E b (1000K) 

Oconv = h (Tf — T s ) A s = 7t D / 4 

q CO ol = (TC /4)(0.03m) 2 0.49x5.67xl(T 8 W/m 2 K 4 x(1000K) 4 

+1 OW/m 2 • K(1000-300)K-0.20x5.67xl0 -8 W/m 2 • K 4 x(300K) 4 = 24.4W. < 

(d) Assume that reflection makes the dominant contribution to the radiosity of the sample. When 



viewing in the direction A, the spectral radiant power is proportional to p^ G>,. In direction B, the 
spectral radiant power is proportional to E^ b (Tf). Noting that G>, = E^ b (Tf), the ratio gives P/. 





PROBLEM 12.89 


KNOWN: Small, opaque surface initially at 1200 K with prescribed a x distribution placed in a large 
enclosure at 2400 K. 

FIND: (a) Total, hemispherical absorptivity of the sample surface, (b) Total, hemispherical emissivity, 
(c) a and £ after long time has elapsed, (d) Variation of sample temperature with time. 

SCHEMATIC: 



ASSUMPTIONS: (1) Surface is diffusely radiated, (2) Enclosure is much larger than surface and at a 
uniform temperature. 

PROPERTIES: Table A.1, Tungsten (T - 1800 K): p = 19,300 kg/m 3 , c p = 163 J/kg-K, k » 102 
W/m-K. 

ANALYSIS: (a) The total, hemispherical absoiptivity follows from Eq. 12.46, where 

= E^ b (T sur ) . That is, the irradiation corresponds to the spectral emissive power of a blackbody at 
the enclosure temperature and is independent of the enclosure emissivity. 

a = J 0 “A G A J Q dA = J Q a x E;p b (A,T sur )dA/E b (T sur ) 

a = Jq F A,b (^> F sur )dA/cr T sur + o: 2 F A,b F sur)dA/crT sur 

a = aiF (0 ^2qm) + a 2 [i - F (0^2pm) ] = 0.1 x 0.6076 + 0.8[1 - 0.6076] = 0.375 < 

where at AT = 2x 2400 = 4800 /mi • K, F (0 ^ 2 qm) = 0.6076 from Table 12.1. 

(b) The total, hemispherical emissivity follows from Eq. 12.38, 

poo / poo 

e = J 0 e A E Ajb (A,T s )dA/J o E Ajb (A,T s )dA. 

Since the surface is diffuse, t'x = and the integral can be expressed as 

£ = “1JT E A,b (A, T s ) dA/ ctT s 4 + a 2 J“ m E A>b (A, T s ) dA/ aT 4 

£ = Gt[F(()_^ 2 ^ m ) + a 2 |^1 — F(Q_^ 2 ^ m ) J = 0.lx0.1403 + 0.8[1 — 0.1403] = 0.702 ^ 

whereat AT = 2x 1200 = 2400 pm • K, find F (QH>2jUm) =0.1403 from Table 12.1. 

(c) After a long period of time, the surface will be at the temperature of the enclosure. This condition of 
thermal equilibrium is described by Kirchoff’ s law, for which 

e = a = 0.375. < 

Continued... 
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(d) Using the IHT Lumped Capacitance Model, the energy balance relation is of the form 

pc p V—= A s [aG-e(T)E b (T)] 
dt 

3 / 2 4 

where T = T s , V = K D / 6, A s = 7rfU and G = cT sur . Integrating over time in increments of At = 

0.5s and using the Radiation Toolpad to determine £(t), 
the following results are obtained. 



Time, t(s) 



—•— Absorptivity, alpha 
—*— Emissivity, eps 


The temperature of the specimen increases rapidly with time and achieves a value of 2399 K within t ~ 
47s. The emissivity decreases with increasing time, approaching the absorptivity as T approaches T sur . 

COMMENTS: (1) Recognize that a always depends upon the spectral irradiation distribution, which, 
this case, corresponds to emission from a blackbody at the temperature of the enclosure. 

(2) With h r = «r(T + T sur )(T 2 +T s 2 ur ) = 0.375(74T s 3 ur = 1176 w/m 2 - K , Bi = h r (r 0 /3)/k 

= (1176 w/m“- K) .667 xlO 3 m/102 W/m- K = 0.0192 « 1, use of the lumped capacitance model is 
justified. 




PROBLEM 12.90 


KNOWN: Vertical plate of height L = 2 m suspended in quiescent air. Exposed surface with diffuse 
coating of prescribed spectral absorptivity distribution subjected to simulated solar irradiation, Gs> 
Plate steady-state temperature T s = 400 K. 


FIND: (a) Plate emissivity, £, plate absoiptivity, a, plate irradiation, G, and using an appropriate 
correlation, the free convection coefficient, h , and (b) Plate steady-state temperature if the irradiation 
found in part (a) were doubled. 


SCHEMATIC: 

///// 



0.9 


CLj 

a k 



0.1 


a? 


1-- i-► 


1 A (pm) 


ASSUMPTIONS: (1) Steady-state conditions, (2) Ambient air is extensive, quiescent, (3) Spectral 
distribution of the simulated solar irradiation, Gs,x, proportional to that of a blackbody at 5800 K, (4) 
Coating is opaque, diffuse, and (5) Plate is perfectly insulated on the edges and the back side, and (6) 
Plate is isothermal. 


PROPERTIES: Table A.4, Air (T f = 350 K, 1 atm): v = 20.92 x 10 6 m 2 /s, k = 0.030 W/m-K, a = 29.90 
x 10 6 m 2 /s, Pr = 0.700. 


ANALYSIS: (a) Perform an energy balance on the plate 
as shown in the schematic on a per unit plate width 
basis, 


F in E out — 0 


«G-fffT s 4 -h(T s - To,,) 


L = 0 


( 1 ) 



where a and £ are determined from knowledge of ax and h is estimated from an appropriate correlation. 


Plate total emmissivity: From Eq. 12.38 written in terms of the band emission factor, F(o-x,i> Eq. 12.30, 


e - a l F (0-A,T s ) + a 2 




£ =0.9x0+ 0.1 [l-0] = 0.1 


< 


where, from Table 12.1, with A,T S = 1pm x 400 K = 400 pm-K, F(0-AT) = 0.000. 

Plate absorptivity: With the spectral distribution of simulated solar irradiation proportional to E b (T s = 
5800 K), 


Continued... 





PROBLEM 12.90 (Cont.) 


a - aiF( 0 _^ Xs ) + a 2 |_'- f (o-A,t s ) 
a = 0.9 x 0.7202 + 0.1 [l - 0.7202] = 0.676 


< 


where, from Table 12.1, with = 5800 pm-K, F (0 -xt, = 0.7202. 

Estimating the free convection coefficient , h : Using the Churchill-Chu correlation Eq. (9.26) with 
properties evaluated at T f = (T s + T^J/2 = 350 K, 

va 


9.8m/s 2 (l/350K)xl00K(2m) 3 
Ra L =- _ v ; - 7 — - _ \ t =3.581x10 

20.92x10 6 m“/sx 29.90x10 m 2 /s 


Nu L = 


0.825+ - 


0.387RaL 6 


l + (0.492/Pr)' 


9/16 


21 


Nu L = 


0.825+ - 


0.387RaL 6 


1 +(0.492/0.700) 


9/16 


/ 27 


)■ =377.6 


h L = Nu L k/L = 377.6x0.030 W/m • K/2m = 5.66 W/ m 2 - K 
Irradiation on the Plate: Substituting numerical values into Eq. (1), find G. 

0.676G -0. lx5.67x 10“ 8 w/m 2 - R 4 (400K) 4 -5.66 w/m 2 • K (400 -300) K = 0 
G = 1052 w/m 2 


< 


< 


(b) If the irradiation were doubled, G = 2104 W/m 2 , the plate temperature T s will increase, of course, 
requiring re-evaluation of e and h . Since a depends upon the irradiation distribution, and not the plate 
temperature, a will remain the same. As a first approximation, assume e = 0.1 and h = 5.66 W/m 2 K and 
with G = 2104 W/m 2 , use Eq. (1) to find 

T s = 492 K < 

With T f = (T s + T to )/2 = (492 + 300)K/2 - 400 K, use the correlation to reevaluate h . For T s = 492 K, £ 
= 0.1 is yet a good assumption. We used IHT with the foregoing equations in part (a) and found these 
results. 

T s = 477K T f =388.5 h=6.38w/m 2 -K £=0.1 < 



PROBLEM 12.91 


KNOWN: Diameter and initial temperature of copper rod. Wall and gas temperature. 

FIND: (a) Expression for initial rate of change of rod temperature, (b) Initial rate for prescribed 
conditions, (c) Transient response of rod temperature. 


SCHEMATIC: 



0.9 

0.4 


e 1 


!-► s 2 

J -► 

2 X (pm) 


ASSUMPTIONS: (1) Applicability of lumped capacitance approximation. (2) Furnace approximates a 
blackbody cavity, (3) Thin film is diffuse and has negligible thermal resistance, (4) Properties of nitrogen 
approximate those of air (Part c). 

PROPERTIES: Table A.1, copper (T = 300 K): c p = 385 J/kg-K, p = 8933 kg/m 3 , k = 401 W/m-K. 
Table A.4 , nitrogen (p = 1 atm, T f = 900 K): v = 100.3 x 10 6 m 2 /s, a = 139 x 10 6 m 2 /s, k = 0.0597 
W/m-K, Pr = 0.721. 


ANALYSIS: (a) Applying conservation of energy at an instant of time to a control surface about the 
cylinder, Ej n - E out = E st , where energy inflow is due to natural convection and radiation from the 
furnace wall and energy outflow is due to emission. Hence, for a unit cylinder length, 

_ pn D 2 dT 

9conv + 9rad.net — ~ c p , 

4 F dt 


where 


9conv — ^ (?rD)(T 00 T) 

9rad.net = (fltG — fiE^) = ;rD [ofE^ (T w ) — ££]-, (T)] 

Hence, at t = 0 (T = TO, 

dT/dOj =(4/pc p D)[h(T 00 - Tj) + aE b (T w )-eE b (Ti)] 

(b) With Ra §1 (Tc-T-)D 3 9.8m/s 2 (1/900K)(1200K)(0.01m) 3 

D av 100.3xl39xl0 _1 “ m 4 /s 2 

r 1 2 


= 937, Eq. (9.34) yields 


Nuq =1 


0.60 + - 


0.387RaD 6 


l + (0.559/Pr) 


9/16 


8/27 


= 2.58 


Nu D (0.0597 W/mK) 2.58 

h = k-— = ------= 15.4 W 

D 0.01m 

With T = T; = 300 K, AT = 600 pm-K yields F(o_^) = 0, in which case e = e^o^) + e 2 [l - f^o-a) ] = °- 4 • 

With T = T w = 1500 K, AT = 3000 K yields Fjo^) = 0.273. Hence, with a x = s x , a = £iF ( 0 ^X) + Ertl - 
FflMxd = 0.9(0.273) + 0.4(1 - 0.273) = 0.537. It follows that 


/ m“- K 


Continued... 
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dT ^ 
dt 


8933 


kg 


A 


385- 


kg-K 


0.01m L 


W 


15—-(1500-300)K 


2 ^ 
m • K 


_ A A _O A 

+0.537x5.67x10 4 — ; - r (l500K) -0.4x5.67x10 --(300K) 


2 ^4 
m • K 


2 v 4 
m • K 


dT/dt)j =1.163x10 4 m 2 -K/j[l8,480 + 154,140-180]w/m z =20K/s 


Defining a pseudo radiation coefficient as h r = (aG - eEb)/(T w - Ti) = (153,960 W/m 2 )/1200 K = 128.3 
W/m 2 K, Bi = (h + h r )(D/4)/k = 143.7 W/m 2 K (0.0025 m)/401 W/m-K = 0.0009. Hence, the lumped 
capacitance approximation is appropriate. 


(c) Using the IHT Lumped Capacitance Model with the Correlations , Radiation and Properties (copper 
and air) Toolpads, the transient response of the rod was computed for 300 < T < 1200 K, where the upper 
limit was determined by the temperature range of the copper property table. 



The rate of change of the rod temperature, dT/dt, decreases with increasing temperature, in accordance 
with a reduction in the convective and net radiative heating rates. Note, however, that even at T ~ 1200 
K, aG, which is fixed, is large relative to q^ onv and eE b and dT/dt is still significant. 




PROBLEM 12.92 


KNOWN: Temperatures of furnace wall and top and bottom surfaces of a planar sample. 

Dimensions and emissivity of sample. 

FIND: (a) Sample thermal conductivity, (b) Validity of assuming uniform bottom surface temperature. 


SCHEMATIC: 



4 t E 
ii-Vd 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional conduction in sample, (3) 
Constant k, (4) Diffuse-gray surface, (5) Irradiation equal to blackbody emission at 1400K. 

PROPERTIES: Table A-6, Water coolant (300K): c px = 4179 J/kg-K 

ANALYSIS: (a) From energy balance at top surface, 

aG — E = q C ond = kg (T s —T c )/L 


where E = e s aT s 4 ,G=oT^,a = e s giving 
e s° T w —£ s o T s = kg (T s — T c ) /L. 


Solving for the thermal conductivity and substituting numerical values, find 


£ s Lo 

T s -T c 


(4-V) 


k s _ 


0.85x0.015mx5.67xl0 _8 W/m 2 K 4r 


(1000-300) K 


(1400K) 4 - (1000K) 4 


k s =2.93 W/m K. 

(b) Non-uniformity of bottom surface temperature depends 
on coolant temperature rise. From the energy balance 

q = mc c p,c AT c = (aG-E)W 2 


AT C =0.85x5.67x 10 _8 W /m 2 ■ K 4 


1400 



- 1000 " 


K 4 (0.10m) 2 /0.1kg/sx4179J/kg- K 


AT C = 3.3K. < 

The variation in T c (~ 3K) is small compared to (T s - T c ) = 700K. Hence it is not large enough to 
introduce significant error in the k determination. 











PROBLEM 12.93 


KNOWN: Thicknesses and thermal conductivities of a ceramic/metal composite. Emissivity of ceramic 
surface. Temperatures of vacuum chamber wall and substrate lower surface. Receiving area of radiation 
detector, distance of detector from sample, and sample surface area viewed by detector. 

FIND: (a) Ceramic top surface temperature and heat flux, (b) Rate at which radiation emitted by the 
ceramic is intercepted by detector, (c) Effect of an interfacial (ceramic/substrate) contact resistance on 
sample top and bottom surface temperatures. 


SCHEMATIC: 



t 2 


ASSUMPTIONS: (1) One-dimensional, steady-state conduction in sample, (2) Constant properties, (3) 
Chamber forms a blackbody enclosure at T w , (4) Ceramic surface is diffuse/gray, (5) Negligible interface 
contact resistance for part (a). 

PROPERTIES: Ceramic: k, = 60 W/m-K, £ c = 0.8. Substrate: k s = 25W/m-K. 


ANALYSIS: (a) From an energy balance at the exposed ceramic surface, q^ ont [ = q* ac j , or 

'(t 2 4 -t 4 ) 


Ti-t 2 


(L s /k s ) + (L c /k c ) 


= £ c CJ| 


1500K-T 2 


0.008 m 0.005 m 
25 W/m K 60 W/m- K 


= 0.8x5.67x10 8 w/m 2 K 4 (T 2 -90 4 )k" 


3.72X10 6 -2479T 2 =4.54x10 8 T 2 -2.98 
4.54 x 10“ 8 T 4 + 2479T 2 =3.72xl0 6 


Solving, we obtain 
T 2 = 1425 K 

rr 

9h = 


Ti-t 2 


(1500-1425)K 5 / 2 

v ’ =1.87xl0 3 W/nT 


( L s/ k s) + ( L c/ k c) 4.033x10 4 m 2 K/W 


< 

< 


(b) Since the ceramic surface is diffuse, the total intensity of radiation emitted in all directions is I e = 
e c E b (T s )/7t. Hence, the rate at which emitted radiation is intercepted by the detector is 

9c(em)—d — (^d/^s—d j 

_ 0.8x5.67xl0 -8 W/m 2 -K 4 (1425 K) 4 
4c(em)-d ~ 


-xlO 4 m 2 xlO ^sr = 5.95x10 5 W 


^■sr 


Continued... 
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(c) With the development of an interfacial thermal contact resistance and fixed values of and T w , (i) 
T 2 remains the same (its value is determined by the requirement that qj, = e c a -T^ j, while (ii) Ti 

increases (its value is determined by the requirement that qjj = (Tj — 'Ti )/^tot > where Rj ot = [(L s /k s ) + 
Rj c + (L c /k c )]; if q^ and T 2 are fixed, Ti must increase with increasing R^ ot ). 

COMMENTS: The detector will also see radiation which is reflected from the ceramic. The 
corresponding radiation rate is q C (refiection)-d = p c G c AA C Aq /t^_q = 0.2 <3(90 K) 4 x 10 4 m 2 x (10 3 sr) = 
7.44 x 10 10 W. Hence, reflection is negligible. 



PROBLEM 12.94 


KNOWN: Wafer heated by ion beam source within large process-gas chamber with walls at uniform 
temperature; radiometer views a 5 x 5 mm target on the wafer. Black panel mounted in place of wafer 
in a pre-production test of the equipment. 

FIND: (a) Radiant power (pW) received by the radiometer when the black panel temperature is T bp 
= 800 K and (b) Temperature of the wafer, T w , when the ion beam source is adjusted so that the 
radiant power received by the radiometer is the same as that of part (a) 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Chamber represents large, isothermal 
surroundings, (3) Wafer is opaque, diffuse-gray, and (4) Target area « square of distance between 
tai'gct and radiometer objective. 


ANALYSIS: (a) The radiant power leaving the black-panel target and reaching the radiometer as 
illustrated in the schematic below is 


Obp-rad _ E b,bp ( E bp) / ^ A t cos 


( 1 ) 


where 0 t = 0° and the solid angle the radiometer subtends with respect to the tai'gct follows from Eq. 

12 . 2 , 


Ad^rad-t 


dA n _ { Kl) o /4 ) tt( 0.025 m) 2 /4 


(0.500 m)" 


1.964 x 10~ J sr 


With E b,bp =oT bp' find 

9bp-rad = 5.67 xl0~ 8 W/m 2 K 4 (800 K) 4 /;rsr 
x(0.005 m)^ xcos 30°xl.964x 10"^ sr 


9bp-rad — 314 /iW 


< 



(a) Black panel, T bp = 800 K 



Continued 
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(b) With the wafer mounted, the ion beam source is adjusted until the radiometer receives the same 
radiant power as with part (a) for the black panel. The power reaching the radiometer is expressed in 
terms of the wafer radiosity, 

Ow—rad = [Jw ! At cos ^t' A®rad—t (2) 

Since q w _ ra d = q bp-rad ( see E q- (!))> recognize that 

Jw=E b ,bp(T bp ) (3) 

where the radiosity is 

Jw = e wEb,w(T\v) + PwE>w = e wEb,w(Tw) + (l _e w)Eb(Tch) (4) 

and G w is equal to the blackbody emissive power at T c h- Using Eqs. (3) and (4) and substituting 
numerical values, find 

oT^p = £w°Tw + (l - e w )° r E c h 

(800 K) 4 = 0.7 T 4 +0.3(400 K) 4 

T w =871K < 

COMMENTS: (1) Explain why T w is higher than 800 K, the temperature of the black panel, when 
the radiometer receives the same radiant power for both situations. 

(2) If the chamber walls were cold relative to the wafer, say near liquid nitrogen temperature, T c h = 80 
K, and the test repeated with the same indicated radiometer power, is the wafer temperature higher or 
lower than 871 K? 


(3) If the chamber walls were maintained at 800 K, and the test repeated with the same indicated 
radiometer power, what is the wafer temperature? 



PROBLEM 12.95 


KNOWN: Spectrally selective workpiece placed in an oven with walls at T f = 1000 K experiencing 
convection with air at = 600 K. 


FIND: (a) Steady-state temperature, T s , by performing an energy balance on the workpiece; show 
control surface identifying all relevant processes; (b) Compute and plot T s as a function of the 
convection coefficient h, for the range 10 < h < 120 W/m 2 K; on the same plot, show the behavior for 
diffuse surfaces of emissivity 0.2 and 0.8. 


SCHEMATIC: 


. I—I- 




T f = 1000 K, e f - 0.5 


^conv a -G 


lo= 600 K 
h = 60 W/m 2 -K 


!L 


i'-E h 


UIIV j 

\ l t 


r 


T S’ e X 


□ 


0.8 h 


0.2 


X (pm) 


ASSUMPTIONS: (1) Steady-state conditions, (2) Convection coefficient constant, independent of 
temperature, (3) Workpiece is diffusely irradiated by oven wall which is large isothermal surroundings, 
(4) Spectral emissivity independent of workpiece temperature. 


ANALYSIS: (a) Performing an energy balance on the workpiece, 


F in-E out =aG—eE b -q' onv =0 and G = E b (T f ), (1) 

aE b (T f )-eE b (T s )-h(T s -T oo ) = 0 (2) 


where the total absorptivity is, with ^ 

01 = F (0^5/tm,1000 K) • £ 1 + (i- F (0H>5/tm,1000 K) ) e 2 = 0-6337X0.2 + (1 -0.6337)x0.8 = 0.419 
using Table 12.1 with AT = 5 x 1000 = 5000 pm-K for which F(q_ 2 t) = 0.6337. The total emissivity is, 

£ = F (0^5pm-T s ) e l +( 1_F (0-»5xT s )) e 2 ( 3 ) 

which requires knowing T s . Hence, an iterative solution is required, beginning by assuming a value of T s 
to find e using Eq. (3), and then using that value in Eq. (2) to find T s . The result is, 

T s = 800 K < 

for which £ = 0.512. 

(b) Using the IHT workspace with the foregoing equations and the Radiation Exchange Tool, Band 
Emission Factor, a model was developed to calculate T s as a function of the convection coefficient. 
Additionally, T s was plotted for the cases when the workpiece is diffuse, gray with £ = 0.2 and 0.8 


Continued... 
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—©— Gray surface, eps = 0.2 

- Selective surface 

a Gray surface, eps = 0.8 


For the workpiece with the selective surface (£^ as shown in the schematic), the temperature decreases 
with increasing convection coefficient. For the gray surface, £ = 0.2 or 0.8, the temperature is lower and 
higher, respectively, than that of the workpiece. Recall from part (c), at h = 60 w/m“ K, £ = 0.512 and 

a = 0.419, so that it is understandable why the curve for the workpiece is between that for the two gray 
surfaces. 


COMMENTS: (1) For the conditions in part (b), make a sketch of the workpiece emissivity and the 
absorptivity as a function of its temperature. 

(2) The IHT workspace model used to generate the plot is shown below. Note how we used this model to 
also calculate T s vs h for the gray surfaces by adjusting A,i. 


// Energy Balance: 

alpha * Gf - eps * Ebs 
Gf = Ebf 

Ebf = sigma * TfM 
Ebs = sigma * Ts A 4 
sigma = 5.67e-8 


h * (Ts - Tint) = 0 

// Irradiation from furnace, W/m A 2 
// Blackbody emissive power, W/m A 2; furnace wall 
// Blackbody emissive power, W/m A 2; workpiece 
// Stefan-Boltzmann constant, W/m A 2.K A 4 


// Radiation Tool - Band Emission Factor, Total emissivity and absorptivity 

eps = FLITs * epsl + (1 - FLITs) * eps2 

f The blackbody band emission factor, Figure 12.14 and Table 12.1, is */ 

FL1 Ts = F_lambda_T(lambda1 ,Ts) // Eq 12.30 

// where units are lambda (micrometers, mum) and T (K) 
alpha = FLITf * epsl + (1 - FLITf) * eps2 
FL1 Tf = F_lambda_T(lambda1 ,Tf) // Eq 12.30 


// Assigned Variables: 

Ts > 0 
Tf = 1000 
Tinf = 600 
h = 60 
epsl = 0.2 
eps2 = 0.8 
// lambdal = 5 
//lambdal = 1e6 
lambdal = 0.5 


// Workpiece temperature, K; assures positive value for Ts 

// Furnace wall temperature, K 

// Air temperature, K 

// Convection coefficient, W/m A 2.K 

// Spectral emissivity, 0 <= epsL <= 5 micrometers 

// Spectral emissivity, 5 <= epsL <= infinity 

// Wavelength, micrometers; spectrally selective workpiece 

// Wavelength; gray surface for which eps = 0.2 

// Wavelength; gray surface for which eps = 0.8 




PROBLEM 12.96 


KNOWN: Laser-materials-processing apparatus. Spectrally selective sample heated to the operating 
temperature T s = 2000 K by laser irradiation ( 0.5 pm ), Gi aser , experiences convection with an inert gas 
and radiation exchange with the enclosure. 

FIND: (a) Total emissivity of the sample, £ ; (b) Total absorptivity of the sample, a, for irradiation from 
the enclosure; (c) Laser irradiation required to maintain the sample at T s = 2000 K by performing an 
energy balance on the sample; (d) Sketch of the sample emissivity during the cool-down process when 
the laser and inert gas flow are deactivated; identify key features including the emissivity for the final 
condition (t —>°°); and (e) Time-to-cool the sample from the operating condition at T s (0) = 2000 K to a 
safe-to-touch temperature of T s (t) = 40°C; use the lumped capacitance method and include the effects of 
convection with inert gas (T tc = 300 K , h = 50 W/ m“K) as well as radiation exchange T enc = T t>) . 


Si 


s 2 1 - 

—1-> 

3 X (pm) 


SCHEMATIC: 



111 


^laser 




Sample, T s , 

D = 25 mm, w = 1 mm 


= 300 K 


A, 


0.8 

0.2 |- 
0 


ASSUMPTIONS: (1) Enclosure is isothermal and large compared to the sample, (2) Sample is opaque 
and diffuse, but spectrally selective, so that £>_ = a,, (3) Sample is isothermal. 

PROPERTIES: Sample (Given) p = 3900 kg/m 3 , c p = 760 J/kg , k = 45 W/m-K. 

ANALYSIS: (a) The total emissivity of the sample, £, at T s = 2000 K follows from Eq. 12.38 which can 
be expressed in terms of the band emission factor, F (0 -x,t) Eq. 12.30, 


£ - £ l F (0-2, 1 T s ) +e 2 


i-FCO-AjTj 


(1) 


£ = 0.8 x 0.7378 + 0.2 [l - 0.7378] = 0.643 


< 


where from Table 12.1, with A,iT s = 3pm x 2000 K = 6000 pm-K, F ( o_vr) = 0.7378. 

(b) The total absorptivity of the sample, a, for irradiation from the enclosure at T enc = 300 K, is 


«- £ l I tO-A 1 T enc )+ £ 2 


l_F (0-A,T enc ) 


a = 0.8 x 0 + 0.2 [l-0] = 0.200 

where, from Table 12.1, with A.|T cnc = 3 pm x 300 K = 900 pm-K, F ( o_x,t) =0. 


( 2 ) 

< 


Continued... 




PROBLEM 12.96 (Cont.) 


(c) The energy balance on the sample, on a per unit area 
basis, as shown in the schematic at the right is 

^in — ^-out = ^ 

+ttl as Gi aS er + 2aG — leE], (T s ) — q cv = 0 a" I I I ^ 7~ s = 2000 K 

cv a G E 

«las G laser + 2a<jJ enc “ ~ 2h ( T s “ T oc ) = 0 (3) 

Recognizing that oti as (0.5 pm) = 0.8, and substituting numerical values find, 

0.8 x G laser + 2x 0.200x5.67 x 10“ 8 w/m 2 - K (300 K) 4 

-2x 0.643x5.67 x 10“ 8 w/m 2 - R 4 (2000 K) 4 -2x50 w/m 2 - K (2000 - 500) K = 0 
0.8xGia Se r= -184.6 + 1.167xl0 6 +1.500xl0 5 w/m 2 

Gia S er =1 646 kw/m 2 < 


\ I 1 


a /as G laser 
1 


(d) During the cool-down process, the total 

emissivity £ will decrease as the temperature 
decreases, T s (t). In the limit, t —> the sample 

will reach that of the enclosure, T s (°°) = T enc for 
which £ = a = 0.200. 

(e) Using the IHT Lumped Capacitance Model 
considering radiation exchange (T en c = 300 K) 
and convection (= 300 K, h = 50 W/m 2 K) 
and evaluating the emissivity using Eq. (1) with 
the Radiation Tool , Band Emission Factors , the 
temperature-time history was determined and 
the time-to-cool to T(t) = 40°C was found as 

t = 119 s 



COMMENTS: (1) From the IHT model used for part (e), the emissivity as a function of cooling time and sample 
temperature were computed and are plotted below. Compare these results to your sketch of part (c). 











PROBLEM 12.96 (Cont.) 


(2) The IHT workspace model to perform the lumped capacitance analysis with variable emissivity is 
shown below. 


// Lumped Capacitance Model - convection and emission/irradiation radiation processes: 

/* Conservation of energy requirement on the control volume, CV. */ 

Edotin - Edotout = Edotst 
Edotin = As * ( + Gabs) 

Edotout = As * ( + q"cv + E ) 

Edotst = rho * vol * cp * Der(T,t) 

T_C = T - 273 

// Absorbed irradiation from large surroundings on CS 
Gabs = alpha * G 
G = sigma * Tsur A 4 

sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2-K A 4 

// Emissive power of CS 
E = eps * Eb 
Eb = sigma * T A 4 

//sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2-K A 4 

//Convection heat flux for control surface CS 


q"cv = h * ( T - Tinf) 

/* The independent variables for this system and their assigned numerical values are */ 

As = 2*1 // surface area, m A 2; unit area, top and bottom surfaces 

vol = 1 * w // vol, m A 3 

w = 0.001 //sample thickness, m 

rho = 3900 // density, kg/m A 3 

cp = 760 // specific heat, J/kg-K 

// Convection heat flux, CS 

h = 50 // convection coefficient, W/m A 2-K 

Tinf = 300 // fluid temperature, K 

// Emission, CS 

//eps = 0.5 // emissivity; value used to test the model initially 

// Irradiation from large surroundings, CS 

alpha = 0.200 // absorptivity; from Part (b); remains constant during cool-down 

Tsur= 300 //surroundings temperature, K 


// Radiation Tool - Band emission factor: 

eps = epsl * FLIT + eps2 * ( 1 - FLIT ) 

/* The blackbody band emission factor, Figure 12.14 and Table 12.1, is 7 

FLIT = F_lambda_T(lambda1 ,T) // Eq 12.30 

// where units are lambda (micrometers, mum) and T (K) 

lambdal = 3 //wavelength, mum 

epsl = 0.8 // spectral emissivity; for lambda < lambdal 

eps2 = 0.2 // spectral emissivity; for lambda > lambdal 



PROBLEM 12.97 


KNOWN: Cross flow of air over a cylinder placed within a large furnace. 

FIND: (a) Steady-state temperature of the cylinder when it is diffuse and gray with £ = 0.5, (b) Steady- 
state temperature when surface has spectral properties shown below, (c) Steady-state temperature of the 
diffuse, gray cylinder if air flow is parallel to the cylindrical axis, (d) Effect of air velocity on cylinder 
temperature for conditions of part (a). 


SCHEMATIC: 


*' ■ • »* ♦ C*.' **, •* :* 

!♦♦*♦♦** * y ♦. 



A 


0.5 r 


0.1 


0 3 A (pm) 

Part (b) surface 

ASSUMPTIONS: (1) Cylinder is isothermal, (2) Furnace walls are isothermal and very large in area 
compared to the cylinder, (3) Steady-state conditions. 


PROPERTIES: Table A.4, Air (T f ~ 600 K): v =52.69x10 6 m 2 /s, k = 46.9 x 10 3 W/mK, Pr = 
0.685. 


ANALYSIS: (a) When the cylinder surface is gray and diffuse with £ = 0.5, the energy balance is of the 
form, q' ad -q^onv =°- Hence, 


£C7(T s 4 ur -T s 4 )-h(T s -T oo ) = 0. 

The heat transfer coefficient, h , can be estimated from the Churchill-Bernstein correlation, 

i4/5 


Nu D = (h D/k) = 0.3 + - 


0.62 Re^ 2 Pr 1/3 


^ 2/3 


1/4 


f 


1 + 


Re 


D 


x5/8 


282,000 


l + (0.4/Pr)- 

where Rep = VD/v = 3m/sx30xl0 3 m/52.69xl0 6 m“/s = 1710. Hence, 
Nu D =20.8 


h = 20.8x46.9x10 3 W/m-K/30xl0 3 m = 32.5 w/m 2 -K . 

Using this value of h in the energy balance expression, we obtain 

0.5 x 5.67 xl0 _8 (1000 4 -T 4 ) w/m 2 -32.5w/m 2 - K(T S -400) K = 0 


which yields T s » 839 K. < 

(b) When the cylinder has the spectrally selective behavior, the energy balance is written as 
aG-£E b (T s )-q' onv =0 

where G = E b (T sur ). With a = f ^2/G , 

•'U 

a = 0. lx F (0 ^ 3) + 0.5 x (l - F (0 ^ 3) ) = 0.1 x 0.273 + 0.5(1 - 0.273) = 0.391 
where, using Table 12.1 with AT = 3 X1000 = 3000 pm-K, F (0 ^ 3) = 0.273. Assuming T s is such that 
emission in the spectral region A < 3 pm is negligible, the energy balance becomes 


Continued... 



PROBLEM 12.97 (Cont.) 


0.391x5.67x10 8 xlOOO 4 w/m 2 -0.5x5.67x10 8 xT s 4 w/m 2 -32.5w/m 2 -K(T S -400) K = 0 
which yields T s » 770 K. < 

Note that, for AT = 3 x 770 = 2310 (rm-K, ) 5=5 0.11; hence the assumption of £ = 0.5 is 

acceptable. Note also that the value of h based upon T f = 600 K is also acceptable. 

(c) When the cylinder is diffuse-gray with air flow in the longitudinal direction, the characteristic length 
for convection is different. Assume conditions can be modeled as flow over a flat plate of L = 150 mm. 
With 


Re L = Vl/v = 3m/sxl50xl0~ 3 m/ / 52.69xl0“ 6 m 2 /s = 8540 

Nul =(hL/ k ) = 0 - 664Re L 2 Pr 1/3 =0.664(8540) 1/2 0.685 1/3 =54.1 

h = 54.1x0.0469 W/m • k/o.150hi = 16.9 w/m 2 K . 

The energy balance now becomes 

0.5 x5.667 x 10“ 8 w/m 2 - K 4 (1000 4 - T 4 )K 4 -16.9 W/m 2 - K(T S - 400) K = 0 
which yields T s ~ 850 K. ^ 

(b) Using the IHT First Law Model with the Correlations and Properties Toolpads, the effect of velocity 
may be determined and the results are as follows: 


900 


850 


800 


750 


700 


650 

0 4 8 12 16 20 

Air velocity, V(m/s) 

2 

Since the convection coefficient increases with increasing V (from 18.5 to 90.6 W/m” K for 1 < V < 20 
m/s), the cylinder temperature decreases, since a smaller value of (T s - Xx,) is needed to dissipate the 
absorbed irradiation by convection. 



COMMENTS: The cylinder temperature exceeds the air temperature due to absorption of the incident 
radiation. The cylinder temperature would approach T tc as h —> °o and/or a —> 0. If a —> 0 and h has 
a small to moderate value, would T s be larger than, equal to, or less than T^ ? Why? 




PROBLEM 12.98 


KNOWN: In strumentation pod, initially at 87°C, on a conveyor system passes through a large vacuum 
brazing furnace. Inner surface of pod surrounded by a mass of phase-change material (PCM). Outer 

surface with special diffuse, opaque coating of £ - K . Electronics in pod dissipate 50 W. 

FIND: How long before all the PCM changes to the liquid state? 

SCHEMATIC: 


Pod, T S =37°C; 

As=0.040m* frA-1.6kg- 
power dissipation, 

P e = SOW; coating, _* 


Vacuum -Furnace waifs, 

T w =1200K,s w =0.7 



:-Insulation 

7/, ^Conveyor 
r system 


0.9 


0.05 


0 


Ap) 


ASSUMPTIONS: (1) Surface area of furnace walls much larger than that of pod, (2) No convection, 
(3) No heat transfer to pod from conveyor, (4) Pod coating is diffuse, opaque, (5) Initially pod internal 
temperature is uniform at T pcm = 87°C and remains so during time interval At m , (6) Surface area 
provided is that exposed to walls. 

PROPERTIES: Phase-change material, PCM (given): Fusion temperature, Tf = 87°C, h tg = 25 
kJ/kg. 

ANALYSIS: Perform an energy balance on the pod for an interval of time At m which corresponds to 
the time for which the PCM changes from solid to liquid state, 

Ein - E ou t +Eg en = AE 

— e Ep)A s + IgJ At m =Mhfg 

where P e is the electrical power dissipation 
rate, M is the mass of PCM, and hf g is the 
heat of fusion of PCM. 

Irradiation : G = oT w = 5.67 x 1() S W/m 2 -K 4 (1200 K) 4 = 117,573 W/m 2 

Emissive power: Eb = crT 4 =o (87 +273) 4 =952 W / m 2 



r T m ,A s ,M 

1 

1 

1 

Egen 

1 

1 

1 

1 



l 


Emissivity: £ = £ iF ( 0 -A,T ) + e2(l-F(0-X,T)) 

£ = 0.05 x 0.0393 + 0.9 (1 - 0.0393) 

£ = 0.867 

Absorptivity: a = a { F (0 -At) + a 2 ( 1 -F(0-kT)) 

a = 0.005 x 0.7378 + 0.9 (1 - 0.7378) 
a = 0.273 


XT = 5 x 360 = 1800 pm-K 
F 0 -X T = 0.0393 (Table 12.1) 

A,T = 5 x 1200 = 6000 pm-K 
F 0 -Xt = 0.7378 (Table 12.1) 


Substituting numerical values into the energy balance, find, 


(0.273x117,573-0.867x952)W/m 2 x0.040 m 2 + 50 W 


At m = 1.6kgx25xl0 J J/kg 


At m = 30.7 s = 0.51min. 


< 








PROBLEM 12.99 


KNOWN: Niobium sphere, levitated in surroundings at 300 K and initially at 300 K, is suddenly 

2 

irradiated with a laser (10 W/m ) and heated to its melting temperature. 

FIND: (a) Time required to reach the melting temperature, (b) Power required from the RF heater 
causing uniform volumetric generation to maintain the sphere at the melting temperature, and (c) 
Whether the spacewise isothermal sphere assumption is realistic for these conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Niobium sphere is spacewise isothermal and diffuse-gray, (2) Initially sphere 
at uniform temperature T,, (3) Constant properties, (4) Sphere is small compared to the uniform 
temperature surroundings. 

PROPERTIES: Table A-l, Niobium (T = (300 + 2741)K/2 = 1520 K): T mp = 2741 K, p = 8570 
kg/m 3 , c p = 324 J/kg-K, k = 72.1 W/rnK. 

ANALYSIS: (a) Following the methodology of Section 5.3 for general lumped capacitance analysis, 
the time required to reach the melting point T mp may be determined from an energy balance on the 
sphere, 

Ei n —E out =E s j q 0 A c — £oA s |t — T sur j = Mcp(dT/dt) 

2 2 3 

where A c = TtD /4, A s = 7tD , and M = p V = p(ttD 16). Hence, 

qo (tcD 2 /4)-£0 (7tD 2 )(t 4 -T 4 ur ) = p (ttD 3 /6)c p (dT/dt). 


Regrouping, setting the limits of integration, and integrating, find 


fio , t 4 
4ec sur 


-T 


pDcdT 
6£0 dt 


» lOW/mm |10 mm/m 

where a4= ^” +Ts4ur= - 8 2 

4^ 4x0.6x5.67xl0 -s W/trr-K 


|l0 3 mm/mj 


dT 


(a 4 -F) 


+ (300 K) 


a = 2928K 


6£0 


6x0.6x5.67xl0 -8 W/m 2 K 4 


pDcp 8570 kg/m 3 x0.003 mx324J/kg-K 
which from Eq. 5.18, has the solution 


2.4504xl0 -11 K _1 -s _1 


t = 


1 


4ba' 


In 


a + T. 


mp 


a-T, 


mp 


In 


a +T[ 


a-Ti 


+ 2 


tan 


L mp 


tan 


fin 3 


V a ) 


Continued 
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t = 


4(2.4504x10 11 K 1 • s 1 j(2928 K)~ 


{hi 

2928+2741 

-In 

2928+300 

2928-2741 

2928-300 

1 



+2 


tan 


-1 


( 2741 A 


2928 


-tan 


-1 


300 1 
2928 


t = 0.40604(3.4117-0.2056+2(0.7524-0.1021]) = 1.83s. 


(b) The power required of the RF heater to induce a uniform volumetric generation to sustain steady- 
state operation at the melting point follows from an energy balance on the sphere, 

E in “ ^out +E gen = 0 -eo A s (^mp _ Tsur j = gen 

E gen = qV = 0.6 x5.67 xl0 -8 W/m 2 ■ K 4 (;t0.003 2 )m 2 (2741 4 -300 4 )k 4 = 54.3W. < 

(c) The lumped capacitance method is appropriate when 

Bi= h I Le = h r (D/6) <()i 

k k 

where h r is the linearized radiation coefficient, which has the largest value when T = T mp = 2741 K, 
h r = e<r(T + T sur )|T 2 + T sur) 

h r = 0.6x5.67xl0 -8 W/m 2 ■ K 4 (2741+ 300) (2741 2 + 300 2 |k 3 = 787 W / m 2 ■ K. 
Hence, since 

Bi = 787 W/m 2 K(0.003m/3)/72.1 W/m K = 1.09xlO -2 


we conclude that the transient analysis using the lumped capacitance method is satisfactory. < 


COMMENTS: (1) Note that at steady-state conditions with internal generation, the difference in 
temperature between the center and surface, is 

\2 


T 0 =T S 


q(D/2 y 

6k 


and with V = tiD 76, from the part (b) results, 


q=E gen /V = 54.3 W/(7tx0.003 3 /6)m 3 = 3.841xl0 9 W/m 3 . 
Find using an approximate value for the thermal conductivity in the liquid state, 


AT = T 0 - T s 


3.841xl0 9 W/m 3 (0.03m/2)" 


18K. 


6x80 W/m- K 

We conclude that the sphere is very nearly isothermal even under these conditions. 


(2) The relation for AT in the previous comment follows from solving the heat diffusion equation 
written for the one-dimensional (spherical) radial coordinate system. See the deviation in Section 3.4.2 
for the cylindrical case (Eq. 3.53). 



PROBLEM 12.100 


KNOWN: Spherical niobium droplet levitated in a vacuum chamber with cool walls. Niobium surface 
is diffuse with prescribed spectral emissivity distribution. Melting temperature, T mp = 2741 K. 

FIND: Requirements for maintaining the drop at its melting temperature by two methods of heating: (a) 
Uniform internal generation rate, 4 (W/m ), using a radio frequency (RF) field, and (b) Irradiation, Gi ase r, 

(W/mnr), using a laser beam operating at 0.632 pm; and (c) Time for the drop to cool to 400 K if the 
heating method were terminated. 


SCHEMATIC: 




- Chamber, T = 300 K 
e w ~ 0-85 



Levitated niobium 
drop, T s , e^, D = 3 mm 


0.4 


0.2 


0 


k 

£ 1 




_ 

_ 

C 2 

- 


1 A. (pm) 

ASSUMPTIONS: (1) Steady-state conditions during the heating processes, (2) Chamber is isothermal 
and large relative to the drop, (3) Niobium surface is diffuse but spectral selective, (4) q is uniform, (5) 
Laser bean diameter is larger than the droplet, ( 6 ) Drop is spacewise isothermal during the cool down. 


PROPERTIES: Table A.l , Niobium ( T = (2741 + 400)K/2 - 1600 K): p = 8570 kg/m 3 , c p = 336 
J/kg-K, k = 75.6 W/m-K. 


ANALYSIS: (a) For the RF field-method of heating, 
perform an energy balance on the drop considering 
volumetric generation, irradiation and emission, 

^in — ^"out + Eg = 0 

[«G—£E b (T s )]A s +qV = 0 (1) 

2 3 

where A s = 7 tD~ and V = 7tD / 6 . The irradiation and 
blackbody emissive power are, 



G=C7T,J 



(2,3) 


The absorptivity and emissivity are evaluated using Eqs. 12.46 and 12.48, respectively, with the band 
emission fractions, Eq. 12.30, and 

cc = a (a ^, T w ) = CjF (0 - AjT w ) + e 2 [l - F (0 - A,T W )] (4) 

a = 0.4x0.000 + 0.2 (l - 0.000) = 0.2 

where, from Table 12.1, with A : T W =1 pmx300K = 300 pm • K , F(0 - XT) = 0.000. 

£=£(£ A ,T s ) = £ 1 F(0-A 1 T s ) + £ 2 [1-F(0-A 1 T s )] (5) 

£ =0.4x0.2147 + 0.2(1-0.2147) = 0.243 


with 2|T S = 1 pmx2741K = 2741 pm- K , F(0 - XT) = 0.2147. Substituting numerical values with T s = 
T mp = 2741 K and T w = 300 K, find 


Continued... 
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0.2x5.67x 1(T 8 w/m 2 - K 4 (300 K) 4 - 0.243x 5.67 x 10“ 8 w/m 2 - K 4 (2741K) 4 
n (0.003 m) 2 + qn (0.003 m) 3 /6 = 0 

q = [-91.85 + 777,724] w/m 2 (6/0.003m) = 1.556xl0 9 w/m 3 < 

(b) For the laser-beam heating method, performing an 
energy balance on the drop considering absorbed laser 
irradiation, irradiation from the enclosure walls and 
emission, 

^in — ^"out = 0 

[crG — eE^ (T s )] A s +OJiasGi aser Ap = 0 (6) 

where A p represents the projected area of the droplet, 

A p =7 tD 2 /4 (7) 

Laser irradiation at 10.6 jlm. Recognize that for the laser irradiation, Gi ase r (10.6 pm), the spectral 
absorptivity is 

a las (10.6 jUm) = 0.2 

Substituting numerical values onto the energy balance, Eq. (6), find 
0.2xcrx(300 K) 4 -0.243xax(2741 K) 4 
+0.2xG[ aser xtt (0.003 m) 2 /4 = 0 

Glaser ( 10 - 6 ^m) = 1.56xl0 7 W/m 2 =15.6 W/mm 2 < 

Laser irradiation at 0.632 pm. For laser irradiation at 0.632 pm, the spectral absorptivity is 
a laser (0.632 )um ) = 0.4 

Substituting numerical values into the energy balance, find 

Giaser (0.632^111) = 7.76xl0 6 W/m 2 = 7 - 8 W/mm 2 < 

(c) With the method of heating terminated, the drop experiences only radiation exchange and begins 
cooling. Using the IHT Lumped Capacitance Model with irradiation and emission processes and the 
Radiation Tool , Band Emission Factor for estimating the emissivity as a function of drop temperature, 
Eq. (5), the time-to-cool to 400 K from an initial temperature, T s (0) = T mp = 2741 K was found as 

Ts (t) = 400K t = 772 s = 12.9 min < 

COMMENTS: (1) Why doesn’t the emissivity of the chamber wall, £ w , affect the irradiation onto the 
drop? 

(2) The validity of the lumped capacitance method can be determined by evaluating the Biot number, 


71 (0.003 m) 2 



Continued 
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hD /6 185 w/m 2 Kx 0.003 m /6 

Bi = —— =- L -— = 0.007 

k 75.6 W/mK 

where we estimated an average radiation coefficient as 

h rad ~ 4 otT 3 = 4x0.2x5.67xl0 -8 w/m 2 - K 4 (1600K) 3 = 185 w/m 2 - K 

following the estimation method described in Problem 1.20. Since Bi « 0.1, the lumped capacitance 
method was appropriate. 

(3) In the IHT model of part (c), the emissivity was calculated as a function of T s (t) varying from 0.243 
atT s = T mp to 0.200 at T s = 300 K. If we had done an analysis assuming the drop were diffuse, gray with 
a= £ = 0.2, the time-to-cool would be t = 773 s. How do you explain that this simpler approach predicts 
a time-to-cool that is in good agreement with the result of part (c)? 

(4) A copy of the IHT workspace with the model of part (c) is shown below. 

// Lumped Capacitance Model: Irradiation and Emission 

/* Conservation of energy requirement on the control volume, CV. 7 
Edotin - Edotout = Edotst 
Edotin = As * ( + Gabs) 

Edotout = As * ( + E ) 

Edotst = rho * vol * cp * Der(T,t) 

// Absorbed irradiation from large surroundings on CS 
Gabs = alpha * G 
G = sigma * Tsur A 4 

sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2-K A 4 

// Emissive power of CS 
E = eps * Eb 
Eb = sigma * T A 4 

//sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2-K A 4 

/* The independent variables for this system and their assigned numerical values are 7 

As = pi * D A 2 // surface area, m A 2 

vol = pi * D A 3 / 6 // vol, m A 3 

D = 0.003 // sphere diameter, m 

rho = 8570 // density, kg/m A 3 

cp = 336 // specific heat, J/kg-K 

// Emission, CS 

//eps = 0.4 // emissivity 

// Irradiation from large surroundings, CS 

alpha = 0.2 // absorptivity 

Tsur= 300 // surroundings temperature, K 

// Radiation Tool - Band Emission Fractions 

eps = epsl * FLIT + eps2 *( 1 - FLIT ) 

/* The blackbody band emission factor, Figure 12.14 and Table 12.1, is 7 

FLIT = F_lambda_T(lambda1 ,T) // Eq 12.30 

// where units are lambda (micrometers, mum) and T (K) 

lambdal = 1 //wavelength, mum 

epsl = 0.4 // spectral emissivity, lambda < lambdal 

eps2 = 0.2 // spectral emissivity, lambda > lambdal 



PROBLEM 12.101 


KNOWN: Temperatures of furnace and surroundings separated by ceramic plate. Maximum allowable 
temperature and spectral absorptivity of plate. 

FIND: (a) Minimum value of air-side convection coefficient, h D , (b) Effect of h Q on plate temperature. 


SCHEMATIC: 


a w^w 





0.8 h 

0.3 


X (pm) 




ASSUMPTIONS: (1) Diffuse surface, (2) Negligible temperature gradients in plate, (3) Negligible 
inside convection, (4) Furnace and surroundings act as blackbodies. 

ANALYSIS: (a) From a surface energy balance on the plate, « w G w + a sur G sur = 2F + q* onv . Hence, 
a w crT^ + a sur crT s 4 r = 2ecjT s 4 +h 0 (T s -T^). 


4 4 4 

_ a w c> T w + ^sur^^sur 2g(jT s 

°~ (Ts-T^) 

Evaluating the absorptivities and emissivity, 

® w = Jq a X^X d^/G = a X^Xb (T w )/^b (Tw ) d A = 0-3F(o_3^ m ) + 0.81^1 - F(Q_3^ m ) J 
With AT W = 3pmX2400 K = 7200pm-K, Table 12.1 -+ F (Q _ 3/im) =0.819. Hence, 
a w =0.3x0.819 + 0.8(1-0.819) = 0.391 

Since T sur = 300 K, irradiation from the surroundings is at wavelengths well above 3 pm. Hence, 

poo 

a sur = Jq a X^Xb (Tsur)/Eb (T sur )dA = 0.800 . 


The emissivity is ^ = J Q ^X^Xb ( T s)/ E b ( T s) d ^ = °- 3F (0-3pm) +°- 8 [ 1 - F (0-3pm)] • With 

AT S = 5400pm • K, Table 12.1 ^ F (0 _ 3jUm) = 0.680. Hence, £ = 0.3 X 0.68 + 0.8( 1 - 0.68) = 0.460. 

For the maximum allowable value of T s = 1800 K, it follows that 


0.391x5.67x10 8 (2400) 4 +0.8x5.67x10 8 (300) 4 -2x0.46x5.67x10 8 (1800) 4 

(1800-300) 


h 


o 


7.335x10 s +3.674X10 2 -5.476x10 s 
1500 


= 126 w/m 2 -K. 


< 


(b) Using the IHT First Law Model with the Radiation Toolpad, parametric calculations were performed 
to determine the effect of h Q . 

Continued... 





PROBLEM 12.101 (Cont.) 



Convection coefficient, ho(W/m A 2.K) 


With increasing h G , and hence enhanced convection heat transfer at the outer surface, the plate 
temperature is reduced. 

COMMENTS: (1) The surface is not gray. (2) The required value of h 0 > 126 w/m“- K is well within 
the range of air cooling. 




PROBLEM 12.102 


KNOWN: Spectral radiative properties of thin coating applied to long circular copper rods of prescribed 
diameter and initial temperature. Wall and atmosphere conditions of furnace in which rods are inserted. 

FIND: (a) Emissivity and absorptivity of the coated rods when their temperature is T s = 300 K, (b) 

Initial rate of change of their temperature, dT s /dt, (c) Emissivity and absorptivity when they reach steady- 
state temperature, and (d) Time required for the rods, initially at T s = 300 K, to reach 1000 K. 

SCHEMATIC: 



ASSUMPTIONS: (1) Rod temperature is uniform, (2) Nitrogen is quiescent, (3) Constant properties, 
(4) Diffuse, opaque surface coating, (5) Furnace walls form a blackbody cavity about the cylinders, G = 
Eb(Tf), (6) Negligible end effects. 

PROPERTIES: Table A.l, Copper (300 K): p = 8933 kg/m 3 , c p = 385 J/kg-K, k = 401 W/m-K; Table 
A.4 , Nitrogen (T f = 800 K, 1 atm): v = 82.9 x 10 6 m 2 /s, k = 0.0548 W/m-K, a = 116 x 10 6 m 2 /s, Pr = 
0.715, |3 = (Tf)" 1 = 1.25 x 10 3 K 1 . 

ANALYSIS: (a) The total emissivity of the copper rod, £, at T s = 300 K follows from Eq. 12.38 which 


can be expressed in terms of the band emission factor, F(0 - XTJ, Eq. 12.30, 

£=£ 1 F(0-A 1 T s ) + £ 2 [1-F(0-A 1 T s )] (1) 

£ =0.4x0.0021+ 0.8 [1-0.0021] = 0.799 < 

where, from Table 12.1, with XjT s = 4 pm x 300 K = 1200 pm-K, F(0 - XT) = 0.0021. The total 
absorptivity, a, for irradiation for the furnace walls at T f = 1300 K, is 

a = £|F(0- A|T f ) + £ 2 [l -F(0- A,T f )] (2) 

a = 0.4x0.6590 + 0.8 [l - 0.6590] = 0.536 < 

where, from Table 12.1, with XiT f = 4 pm x 1300 K = 5200 K, F(0 - XT) = 0.6590. 

(b) From an energy balance on a control volume about the rod, 

E st = P c p (?rD 2 /4jL(dT/dt) = E in -E out =7 tDL [aG + h(T 00 -T s )-E] 

dT s /dt = 4 aG + h(T 00 -T s )-£cjT s 4 jpc^D. (3) 


Ra n = 


g£(T -T )D 3 9.8m 2 /s(l-25xl0 3 K 1 )l000K(0.01m) 3 


82.9x10 6 m 2 /sxll6xl0 6 m 2 /s 


= 1274 


Eq. 9.34 gives 


Continued... 



PROBLEM 12.102 (Cont.) 


- 0.0548 

h =- < 

0.01m 


0.60 + - 


0.387(1274) 


1/6 


1 +(0.559/0.715)' 


9/16 


8/27 


y = 15.1W/m • K 


(5) 


With values of £ and a from part (a), the rate of temperature change with time is 


dT s /dt=- 


0.53x5.67x10 8 w/m z K 4 x(l300K) 4 +15.1 w/m z KxlOOOK -0.8x5.67x10 8 w/m z Kx(300K) 4 


2 x ,4 


8933kg/m x385 j/kg • KxO.Olm 


dT s /dt = 1.16x 10 4 [85,829 +15,100 - 3767] K/s = 11.7 K/s. 


(c) Under steady-state conditions, T s = = T f = 1300 K. For this situation, £ = a, hence 

e-a = 0.536 < 

(d) The time required for the rods, initially at T s (0) = 300 K, to reach 1000 K can be determined using the 
lumped capacitance method. Using the IHT Lumped Capacitance Model, considering convection, 
irradiation and emission processes; the Correlations Tool, Free Convection, Horizontal Cylinder, 
Radiation Tool, Band Emission Fractions', and a user-generated Lookup Table Function for the nitrogen 
thermophysical properties, find 

T s (t 0 ) = 1000 K t„ = 81.8 s < 

COMMENTS: (1) To determine the validity of the lumped capacitance method to this heating process, 
evaluate the approximate Biot number, Bi = hD/k = 15 W/m 2 K x 0.010 m/401 W/m-K = 0.0004. Since 
Bi « 0.1, the method is appropriate. 


(2) The IHT workspace with the model used for part (c) is shown below. 

// Lumped Capacitance Model - irradiation, emission, convection 

/* Conservation of energy requirement on the control volume, CV. */ 

Edotin - Edotout = Edotst 
Edotin = As * ( + Gabs) 

Edotout = As * ( + q"cv + E ) 

Edotst = rho * vol * cp * Der(Ts,t) 

//Convection heat flux for control surface CS 
q"cv = h * ( Ts - Tinf) 

// Emissive power of CS 
E = eps * Eb 
Eb = sigma * Ts A 4 

sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2-K A 4 

// Absorbed irradiation from large surroundings on CS 
Gabs = alpha * G 
G = sigma * Tf A 4 

/* The independent variables for this system and their assigned numerical values are */ 


As = 

pi * D * 1 

// surface area, m A 2 

vol = 

pi * D A 2 / 4 * 1 

// vol, m A 3 

rho = 

8933 

// density, kg/m A 3 

cp = 

433 

// specific heat, J/kg-K; evaluated at 800 K 


// Convection heat flux, CS 

//h = // convection coefficient, W/m A 2-K 

Tinf = 1300 // fluid temperature, K 

// Emission, CS 

//eps = // emissivity 

// Irradiation from large surroundings, CS 

//alpha = // absorptivity 

Tf = 1300 // surroundings temperature, K 


Continued... 
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// Radiative Properties Tool - Band Emission Fraction 

eps = epsl * FLITs + eps2 * (1 - FLITs) 

/* The blackbody band emission factor, Figure 12.14 and Table 12.1, is 7 
FLITs = F_lambda_T(lambda1 ,Ts) // Eq 12.30 

// where units are lambda (micrometers, mum) and T (K) 
alpha = epsl * FLITf + eps2 * (1- FLITf) 

/* The blackbody band emission factor, Figure 12.14 and Table 12.1, is 7 
FLITf = F_lambda_T(lambda1 ,Tf) // Eq 12.30 

// Assigned Variables: 

D = 0.010 //Cylinder diameter, m 

epsl = 0.4 // Spectral emissivity for lambda < lambdal 

eps2 = 0.8 // Spectral emissivity for lambda > lambdal 

lambdal =4 // Wavelength, mum 

// Correlations Tool - Free Convection, Cylinder, Horizontal: 

NuDbar = NuD_bar_FC_HC(RaD,Pr) // Eq 9.34 

NuDbar = h * D / k 

FtaD = g * beta * deltaT * D A 3 / (nu * alphan) //Eq 9.25 
deltaT = abs(Ts - Tint) 
g = 9.8 // gravitational constant, m/s A 2 

// Evaluate properties at the film temperature, Tf. 

Tff =Tfluid_avg(Tinf,Ts) 

// Properties Tool - Nitrogen: Lookup Table Function "nitrog" 

nu = lookupval (nitrog, 1, Tff, 2) 
k = lookupval (nitrog, 1, Tff, 3) 
alphan = lookupval (nitrog, 1, Tff, 4) 

Pr = lookupval (nitrog, 1, Tff, 5) 
beta = 1 / Tff 

/* Lookup table function, nitrog: from Table A.4 1 atm): 

Columns: T(K), nu(m A 2/s), k(W/m.K), alpha(m A 2/s), Pr 


300 

1.586E-5 

0.0259 

2.21 E-5 

0.716 

350 

2.078E-5 

0.0293 

2.92E-5 

0.711 

400 

2.616E-5 

0.0327 

3.71 E-5 

0.704 

450 

3.201 E-5 

0.0358 

4.56E-5 

0.703 

500 

3.824E-5 

0.0389 

5.47E-5 

0.7 

550 

4.17E-5 

0.0417 

6.39E-5 

0.702 

600 

5.179E-5 

0.0446 

7.39E-5 

0.701 

700 

6.671 E-5 

0.0499 

9.44E-5 

0.706 

800 

8.29E-5 

0.0548 

0.000116 0.715 

900 

0.0001003 

0.0597 

0.000139 0.721 

1000 

0.0001187 

0.0647 

0.000165 0.721 



PROBLEM 12.103 

KNOWN: Large combination convection-radiation oven heating a cylindrical product of a prescribed 
spectral emissivity. 

FIND: (a) Initial heat transfer rate to the product when first placed in oven at 300 K, (b) Steady-state 
temperature of the product, (c) Time to achieve a temperature within 50°C of the steady-state 
temperature. 


SCHEMATIC: 



ASSUMPTIONS: (1) Cylinder is opaque-diffuse, (2) Oven walls are very large compared to the 
product, (3) Cylinder end effects are negligible, (4) is dependent of temperature. 


PROPERTIES: Table A-4, Air (T f = 525 K, 1 atm): V = 42.2x10 6 m 2 /s,k = 0.0423 W/m-K, 
Pr = 0.684; (T f = 850 K (assumed), 1 atm): V = 93.8xl0“ 6 m 2 /s, k = 0.0596 W/m-K, Pr = 0.716. 


ANALYSIS: (a) The net heat rate to the product is q net = A s (qconv + ~ £E b ) > or 

q net ^DLthCL,, -T) + aG-£(7T 4 ] (1) 

Evaluating properties at T f = 525 K, Rc^ = VD/v = 5 m/sx0.025 m/42.2x 10 m“/s = 2960 , and the 
Churchill-Bernstein correlation yields 


— hD 0.62Rep 2 Pr 1/3 

NUD “ = a3+ [1 + (0 .4/pr) 2/3 ] 1/4 


1 + 


Re 


D 


\5/8 


282,000 


4/5 


Hence, 


27.5 


h = 


0.0423 W/m-K 


x 27.5 = 46.5 W/m 2 


•K. 


0.025m 

The total, hemispherical emissivity of the diffuse, spectrally selective surface follows from Eq. 12.38, 

£ = J 0 £2 (A, T s )E^ b /(JT S 4 = £iF ( o^ 4iUm) + e 2 (1 - F(0^4pm)). where AT = 4 pm X 300 K - 1200 
pm-K and F (0 _ AX) = 0.002 (Table 12.1). Hence, £ = 0.8x0.002 + 0.2(1 -0.002) = 0.201. 


The absorptivity is for irradiation from the oven walls which, because they are large and isothermal, 
behave as a black surface at 1000 K. From Eq. 12.46, with = E x b (A, 1000 K) and a^ =£ 4 , 

a = £|F(0^4,um) + £2 (1 _ %)->4pm)) = 0.8x0.481 + 0.2(1 -0.481) = 0.489 

where, for AT = 4 x 1000 = 4000 pm-K from Table 12.1, P(Q_ 4 T) = 0.481. From Eq. (1) the net initial 

heat rate is q net = n x 0.025m x 0.2 m[46.5 w/ m 2 • K(750 - 300) K + 0.489cr(1000) 4 K 4 - 0.201cr(300 K) 4 ] 

Continued... 
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q = 763 W. < 

(b) For the steady-state condition, the net heat rate will be zero, and the energy balance yields, 

0 = h(T oo -T) + aG-ecrT 4 (2) 

Evaluating properties at an assumed film temperature of T f = 850 K, Re D = VD/v = 5 m/s X 0.025 
m/93.8 x 10 6 m 2 /s = 1333, and the Churchill-Bernstein correlation yields Nu □ = 18.6. Hence, h = 18.6 
(0.0596 W/m • K)/0.025 m = 44.3 W/irr • K. Since irradiation from the oven walls is fixed, the 
absorptivity is unchanged, in which case a = 0.489. However, the emissivity depends on the product 
temperature. Assuming T = 950 K, we obtain 

£ = £ l F (0—>4qm) +e 2^ _F (0-^4 J um)) = 0.8x0.443 + 0.2(1-0.443) = 0.466 

where for AT = 4 x 950 = 3800 pm-K, Fq_2t = 0.443, from Table 12.1. Substituting values into Eq. (2) 
with a = 5.67 x 10 8 W/m 2 K 4 , 

0 = 44.3 (750 - T) + 0.489 a (1000 K) 4 - 0.466 a T 4 . 

A trial-and-error solution yields T ~ 930 K. ^ 

(c) Using the IHT Lumped Capacitance Model with the Correlations , Properties (for copper and air) and 
Radiation Toolpads, the transient response of the cylinder was computed and the time to reach T = 880 K 
is 


t ~ 537 s. 


< 


COMMENTS: Note that h is relatively insensitive to T, while £ is not. At T = 930 K, £ = 0.456. 



PROBLEM 12.104 


KNOWN: Workpiece, initially at 25°C, to be annealed at a temperature above 725°C for a period of 
5 minutes and then cooled; furnace wall temperature and convection conditions; cooling surroundings 
and convection conditions. 

FIND: (a) Emissivity and absorptivity of the workpiece at 25°C when it is placed in the furnace, (b) 
Net heat rate per unit area into the workpiece for this initial condition; change in temperature with 
time, dT/dt, for the workpiece; (c) Calculate and plot the emissivity of the workpiece as a function of 
temperature for the range 25 to 750°C using the Radiation I Band Emission tool in IHT, (d) The time 
required for the workpiece to reach 725°C assuming the applicability of the lumped-capacitance 
method using the DER(T,t) function in IHT to represent the temperature-time derivative in your 
energy balance; (e) Calculate the time for the workpiece to cool from 750°C to a safe-to-touch 

temperature of 40°C if the cool surroundings and cooling air temperature are 25°C and the convection 

2 

coefficient is 100 W/m K; and (f) Assuming that the workpiece temperature increases from 725 to 
750°C during the five-minute annealing period, sketch (don’t plot) the temperature history of the 
workpiece from the start of heating to the end of cooling; identify key features of the process; 
determine the total time requirement; and justify the lumped-capacitance method of analysis. 

SCHEMATIC: 



A _ Z~ 

Iqo = 7bU u C 

h = 1 nn w/m2.k 


t 

L = 10 mm 


Heating-annealing conditions 


T(0) = Tj = 25°C, s, a 

p = 2700 kg/m 3 
c = 885 J/kg-K 
k = 165 W/m-K 


T f = 750°C 


1.0 

0.8 


0.3 


^A,1 


I_L_ 

0 2.5 


£k,2 


A (pm) 


ASSUMPTIONS: (1) Workpiece is opaque and diffuse, (2) Spectral emissivity is independent of 
temperature, and (3) Furnace and cooling environment are large isothermal surroundings. 

ANALYSIS: (a) Using Eqs. 12.38 and 12.46, £ and a can be determined using band-emission 
factors, Eq. 12.30 and 12.31. 


Emissivity, workpiece at 25 °C 

£ = e Al' F (0-AT) + e A2 f 1 - F (0-AT)) 

e = 0.3 x 1.6 x 1CT 5 + 0.8 x (l -1.6 x 10~ 5 ) = 0.8 < 

where F(o-XT) is determined from Table 12.1 with AT = 2.5 pm x 298 K = 745 pm-K. 

Absorptivity, furnace temperature Tf — 750°C 

a = £ A1' f (0-A, T)+ £ 2'( 1 - f (0-A, T)) 

a = 0.3 x 0.174 + 0.8 x (l - 0.174) = 0.713 < 

where F (0 _ ^T) is determined with AT = 2.5 pm x 1023 K = 2557.5 pm-K. 

(b) For the initial condition, T(0) = Tp the energy balance shown schematically below is written in 
terms of the net heat rate in. 


Continued 
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x~i // x-i // _ x~' // 

^in — ^out — ^st 


and 


// _ jj // rj// 

9net,in ~ ^in — ^-out 


^net.in — ^[q cv £ Ej^Tj) + aEj 3 (Tf )j 

where G = E b (Tf). Substituting numerical values, 
Qnetjn = 2 [h(Too ~ Tj) — eoT- + cccfl^ 


qnet,in = 2 100 W/ m 2 ■ K (750-25)K-0.8x5.67 x 10' 8 W / m 2 ■ K 4 (298 K)' 
+ 0.713x5.67 xl(T 8 W/m 2 K 4 (1023 K) 4 

9net,in = 2 x 116.4 kW / m 2 = 233 kW / m 2 
Considering the energy storage term, 

^dT^ 


"St 


pcL 


dT 

dt 


V dt y 
q net,in 


: qnet.i 


in 


233 kW / nr 


i PcL 2700 kg/m 3 x885 J/ kg- Kx0.010 m 

9cv £ Eb(Ti) aG 


= 9.75 K/s 


\ // 


-T(0) = Ti 
Est 


/ \ \ (b) Energy balance, 

qcv £ E b (Tj) aG initial condition 


(c) With the relation for £ of Part (a) in the IHT workspace, and using the Radiation I Band Emission 
tool, £ as a function of workpiece temperature is calculated and plotted below. 



Tem perature, T (C) Continued 
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As expected, £ decreases with increasing T, and when T = Tf = 750°C, £ = a = 0.713. Why is that so? 

(d) The energy balance of Part (b), using the lumped capacitance method with the IHT DER (T,t) 
function, has the form, 

2 h(T 00 - T) - eoT 4 + adt^ = pcL DER (T, t) 
where £ = £ (T) from Part (c). From a plot of T vs. t (not shown) in the IHT workspace, find 

T(t a ) = 725°C when t a = 186 s < 

(e) The time to cool the workpiece from 750°C to the safe-to-touch temperature of 40°C can be 

determined using the IHT code from Part (d). The cooling conditions are T ra = 25°C and h = 100 

2 

W/m K with T sur = 25°C. The emissivity is still evaluated using the relation of Part (c), but the 
absorptivity, which depends upon the surrounding temperature, is a = 0.80. From the results in the 
IHT workspace, find 

T(t c ) = 40° C when t c =413s < 

(f) Assuming the workpiece temperature increases from 725°C to 750°C during a five-minute 
annealing period, the temperature history is as shown below. 

750 
725 

40 
25 

0 250 500 750 

The workpiece heats from 25°C to 725°C in t a = 186 s, anneals for a 5-minute period during which the 
temperature reaches 750°C, followed by the cool-down process which takes 413 s. The total required 
time is 

t = t a +5x60 s + t c = (l86 + 300 + 413)s = 899 s = 15 min < 
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The Biot number based upon convection only is 

Bi = h "< L/2 > = 100W/m2 Kx0.005m = ^ <<; „, 
k 165 W/ m- K 


so the lumped-capacitance method of analysis is appropriate. 

COMMENTS: The IHT code to obtain the heating time, including emissivity as a function of the 
workpiece temperature, Part (b), is shown below, complete except for the input variables. 

/* Analysis. The radiative properties and net heat flux in are calculated when the workpiece is 
just inserted into the furnace. The workpiece experiences emission, absorbed irradiation and 
convection processes. See Help \ Solver \ Intrinsic Functions for information on DER(T, t). */ 

/* Results - conditions at t = 186 s, Ts C - 725 C 


FLIT 

T_C 

Tf 

L 

Tf C 

Tinf_C 

epsl 

eps2 

h 

k 


lambdal 

rho 

t 

T 






0.1607 

725.1 

1023 

0.01 

750 

750 

0.3 

0.8 

100 

165 


2.5 

2700 

186 

998.1 

*/ 






// Energy Balance 

2 * ( h * (Tinf - T) + alpha * G - eps * sigma * T A 4) = rho * cp * L * DER(T,t) 
sigma = 5.67e-8 
G = sigma * Tf A 4 

// Emissivity and absorptivity 

eps = FLIT * epsl + (1 - FLIT) * eps2 

FLIT = F_lambda_T(lambda1, T) // Eq 12.30 

alpha = 0.713 

// Temperature conversions 

T_C = T - 273 // For customary units, graphical output 

Tf_C = Tf - 273 
Tinf_C = Tinf - 273 



PROBLEM 12.105 


KNOWN: For the semiconductor silicon, the spectral distribution of absorptivity, «/_. at selected 
temperatures. High-intensity, tungsten halogen lamps having spectral distribution approximating that 
of a blackbody at 2800 K. 

FIND: (a) 1%-limits of the spectral band that includes 98% of the blackbody radiation corresponding 
to the spectral distribution of the lamps; spectral region for which you need to know the spectral 
absorptivity; (b) Sketch the variation of the total absorptivity as a function of silicon temperature; 
explain key features; (c) Calculate the total absorptivity at 400, 600 and 900°C for the lamp 
irradiation; explain results and the temperature dependence; (d) Calculate the total emissivity of the 
wafer at 600 and 900°C; explain results and the temperature dependence; and (e) Irradiation on the 
upper surface required to maintain the wafer at 600°C in a vacuum chamber with walls at 20°C. Use 
the Look-up Table and Integral Functions of IHT to perform the necessary integrations. 

SCHEMATIC: 



ASSUMPTIONS: (1) Silicon is a diffuse emitter, (2) Chamber is large, isothermal surroundings for 
the wafer, (3) Wafer is isothermal. 


ANALYSIS: (a) From Eqs. 12.30 and 12.31, using Table 12.1 for the band emission factors, F(o - A,T> 
equal to 0.01 and 0.99 are: 

F(0^A1T) = 0-01 at A] • T = 1437 pm ■ K 

F(o_>;t 2 -T) = 0.99 at /I 2 ■ T = 23,324 p m ■ K 

So that we have A] and A 2 limits for several temperatures, the following values are tabulated. 


T(°C) 

T(K) 

Ai(pm) 

A 2 (pm) 

- 

2800 

0.51 

8.33 

400 

673 

2.14 

34.7 

600 

873 

1.65 

26.7 

900 

1173 

1.23 

19.9 


For the 2800 K blackbody lamp irradiation, we need to know the spectral absorptivity over the 
spectral range 0.51 to 8.33 pm in order to include 98% of the radiation. 

(b) The spectral absorptivity is calculated from Eq. 12.46 in which the spectral distribution of the 
lamp irradiation G>, is proportional to the blackbody spectral emissive power p, (A,T) at the 

temperature of lamps, T 1 2800 K. 


a t 


£« A G A dA 


Jo° a A E A>b (A, 2800 K) 

-rn4 

oT £ 


Jo G ^ 
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For 2800 K, the peak of the blackbody curve is at 1 pm; the limits of integration for 98% coverage are 
0.5 to 8.3 pm according to part (a) results. Note that ay increases at all wavelengths with 
temperature, until around 900°C where the behavior is gray. Hence, we’d expect the total absorptivity 
of the wafer for lamp irradiation to appear as shown in the graph below. 



At 900°C, since the wafer is gray, we expect (X f = ay ~ 0.68. Near room temperature, since ay ~ 0 

beyond the band edge, 0C(> is dependent upon ay in the spectral region below and slightly beyond the 
peak. From the blackbody tables, the band emission fraction to the short-wavelength side of the peak 
is 0.25. Hence, estimate CC(/ ~ 0.68 x 0.25 = 0.17 at these low temperatures. The increase of Up 
with temperature is at first moderate, since the longer wavelength region is less significant than is the 
shorter region. As temperature increases, the ay closer to the peak begin to change more noticeably, 
explaining the greater dependence of Up on temperature. 


(c) The integration of part (b) can be performed numerically using the IHT INTEGRAL function and 
specifying the spectral absoiptivity in a Lookup Table file (*.lut). The code is shown in the 
Comments (1) and the results are: 

T W (°C) 400 600 900 

Up 0.30 0.59 0.68 < 

(d) The total emissivity can be calculated from Eq. 12.38, recognizing that £y = ay and that for silicon 
temperatures of 600 and 900°C, the 1% limits for the spectral integration are 1.65 - 26.7 pm and 1.23 

- 19.9 pm, respectively. The integration is performed in the same manner as described in part (c); see 
Comments (2). 

T(°C) 600 900 

£ 0.66 0.68 < 

(e) From an energy balance on the silicon wafer with irradiation on the upper surface as shown in the 
schematic below, calculate the irradiation required to maintain the wafer at 600°C. 

Ei n —E out =0 UpGp — 2[eEp (T w ) —a sur Ep (T sur )] = 0 

Recognize that a sur corresponds to the spectral distribution of Eyp (T sur ); that is, upon ay for long 
wavelengths (A max ~ 10 pm). We assume a sur = 0.1, and with T sur = 20°C, find 


0.59 Gp -2(7 


0.66(600 + 273) 4 K 4 - 0.1(20 + 273f K 


4^4 
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G<? =73.5 kW/m 2 

where E b (T) = oT 4 and cr = 5.67 x 10' 8 W/m 2 K 4 . 


£E b (T w ) a surE b (T sur ) cuGt 

/ \ 

£E b (T w ) a surE b (T sur ) 


600°C 


< 


COMMENTS: (1) The IHT code to obtain the total absorptivity for the lamp irradiation, OCp for a 

wafer temperature of 400°C is shown below. Similar look-up tables were written for the spectral 
absorptivity for 600 and 800°C. 

/* Results; integration for total absorptivity of lamp irradiation 

T = 400 C; find abs_t = 0.30 

ILb absL abs_t Cl C2 T sigma lambda 

1773 0.45 0.3012 3.742E8 1.439E4 2800 5.67E-8 10 7 

// Input variables 

T = 2800 // Lamp blackbody distribution 

//Total absorptivity integral, Eq. 12.46 

abs_t = pi * integral (ILsi, lambda) / (sigma * T A 4) // See Help | Solver 

sigma = 5.67e-8 

// Blackbody spectral intensity, Tools \ Radiation 

I* From Planck’s law, the blackbody spectral intensity is 7 
ILsi = absL * ILb 

ILb = l_lambda_b(lambda, T, Cl, C2) // Eq. 12.25 

//where units are ILb(W/m A 2.sr.mum), lambda (mum) and T (K) with 

Cl = 3.7420e8 // First radiation constant, Wmum A 4/m A 2 

C2 = 1,4388e4 // Second radiation constant, mum-K 

// and (mum) represents (micrometers). 

// Spectral absorptivity function 

absL = LOOKUPVAL(abs_400, 1, lambda, 2) // Silicon spectral data at 400 C 

//absL = LOOKUPVAL(abs_600, 1, lambda, 2) // Silicon spectral data at 600 C 

//absL = LOOKUPVAL(abs_900, 1, lambda, 2) // Silicon spectral data at 900 C 

// Lookup table values for Si spectral data at 600 C 

/* The table file name is abs_400.lut, with 2 columns and 10 rows 


0.5 

0.68 

1.2 

0.68 

1.3 

0.025 

2 

0.05 

3 

0.1 

4 

0.17 

5 

0.22 

6 

0.28 

8 

0.37 

10 

0.45 7 


(2) The IHT code to obtain the total emissivity for a wafer temperature of 600°C has the same 
organization as for obtaining the total absorptivity. We perform the integration, however, with the 
blackbody spectral emissivity evaluated at the wafer temperature (rather than the lamp temperature). 
The same look-up file for the spectral absorptivity created in the part (c) code can be used. 





PROBLEM 12.106 


KNOWN: Solar irradiation of 1100 W/m incident on a flat roof surface of prescribed solar absorptivity 
and emissivity; air temperature and convection heat transfer coefficient. 

FIND: (a) Roof surface temperature, (b) Effect of absorptivity, emissivity and convection coefficient on 
temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Back-side of plate is perfectly insulated, (3) 
Negligible irradiation to plate by atmospheric (sky) emission. 

ANALYSIS: (a) Performing a surface energy balance on the exposed side of the plate, 

«sG S -qconv-eE b (T s ) = 0 — h (T s — T^) — £(jT s =0 

Substituting numerical values and using absolute temperatures, 

W W _0 / 9 A A 

0.6x1100-25-(T s -300)K-0.2(5.67xlO 8 W/m- K 4 )T 4 = 0 

m“ m“ • K 

—8 4 

Regrouping , 8160 = 25T S +1.1340x10 T s , and performing a trial-and-error solution, 

T s = 321.5 K = 48.5°C. < 

(b) Using the IHT First Law Model for a plane wall, the following results were obtained. 



Convection coefficient, h(W/m A 2.K) 



eps = 0.2, alphas = 0.6 
eps = 0.8, alphas = 0.6 
eps = 0.8, alphas = 0.2 


Irrespective of the value of h , T decreases with increasing £ (due to increased emission) and decreasing 
as (due to reduced absorption of solar energy). For moderate to large as and/or small £ (net radiation 
transfer to the surface) T decreases with increasing h due to enhanced cooling by convection. However, 
for small as and large £, emission exceeds absorption, dictating convection heat transfer to the surface 
and hence T < T^. With increasing h, T —> T tc , irrespective of the values of as and £. 

COMMENTS: To minimize the roof temperature, the value of el as should be maximized. 






PROBLEM 12.107 


KNOWN: Cavity with window whose outer surface experiences convection and radiation. 

FIND: Temperature of the window and power required to maintain cavity at prescribed temperature. 

SCHEMATIC: 



0*^% ur =Z5°C 

7^-ZS a C -> JG s =800W/ m z 

h=10\Nlm2K ^-\ 

Cavity -I pa 

T c =ZSO°C ||| j 
D-SOmm 1--^^ 



ASSUMPTIONS: (1) Steady-state conditions, (2) Cavity behaves as a blackbody, (3) Solar spectral 
distribution is that of a blackbody at 5800K, (4) Window is isothermal, (5) Negligible convection on 
lower surface of window. 

PROPERTIES: Window material 0.2 < X <4 pm, x>, = 0.9, p>, = 0, hence <X\ = I - X- K = 0.1; 4 pm < 
X, T), = 0, a = £ = 0.95, diffuse-gray, opaque 

ANALYSIS: To determine the window temperature, perform an energy balance on the window, 

Fin — ^out = 0 

[a SU rG S ur +a S^*S _£ Eb _£ lconv] U pp er + [ a cC*c _£ Eb(T)]j ower =0. (1) 

Calculate the absorptivities for various irradiation conditions using Eq. 12.46, 

J *oo poo 

0 «xGxdX/J 0 G^dX (2) 

where Cif A.) is the spectral distribution of the irradiation. 

Surroundings, a sur : G sur = E h (T sur ) = aT S 4 Ur 

a sur _ 0.1 F(o^4pm) _ ^(0^0.2pm) +0-95 1 - F(0—>4pm) 

where from Table 12.1, with T = T sur = (25 + 273)K = 298K, 

XT = 0.2p mx 298K = 59.6pm ■ K, f^O-XT) = 0.000 

XT = 4pmx298K= 1192pm - K, F( 0 -XT) = O- 002 

CX SU r =0.l[0.002-0.000] + 0.95[l -0.002] =0.948. (3) 

Solar, a§: Gs ~ E b (5800K) 

as-0.1 F(o^4pm) _ F(q_> o.2pm) +0-95 l _ F(o^4pm) 

where from Table 12.1, with T = 5800K, 

XT = 0.2pmx 5800K = 1160pm ■ K, = 0.002 

XT = 4pmx5800K= 23,200pm -K, I^O-XT) = 0 - 990 

a s =0.l[0."0-0.002] + 0. 9 5[l-0.990] =0.108. (4) 


Continued 






PROBLEM 12.107 (Cont.) 

Cavity, a c : G c = E|,(T C ) = aT 4 

«c = ' E (0—>4|im) _ ^0—>0.2|im) +0-95 1- I|o—>4|im) 

where from Table 12.1 with T c = 250°C = 523K, 

XT = 0.2(1 mx 523K = 104.6(im ■ K, F 0 ^T = 0.000 
XT = 4(1 m X523K = 2092(im ■ K F 0 ^ x = 0.082 
a c = 0. l[ 0.082— 0.000] + 0.95[l—0.082] = 0.880. (5) 

To determine the emissivity of the window, we need to know its temperature. However, we know that 
T will be less than T c and the long wavelength behavior will dominate. That is, 

8 ~ ex (X >4(im) =0.95. (6) 

With these radiative properties now known, the energy equation, Eq. (1) can now be evaluated using 
9conv = h(T - T^ with all temperatures in kelvin units. 

0.948xo (298K) 4 + 0.108x800W/m 2 -0.95xoT 4 -10W/m 2 ■ K(T- 298K) 

+0.880o (523K) 4 - 0.95 xo T 4 = 0 

1.077xl0~ 7 T 4 + 10T- 7223= 0. 

Using a trial-and-error approach, find the window temperature as 

T =413K =139°C. < 

To determine the power required to maintain the cavity 
at T c = 250°C, perform an energy balance on the cavity 

E in _ E out =0 

9p + A c[P E b ( T c) + t S G S + eE b ( T ) _E b ( T c )]=°- 

For simplicity, we have assumed the window opaque to 
irradiation from the surroundings. It follows that 

x s =1-Ps ~ a S =1-0-0.108 =0.892 
p = 1-a =1 -8 = 1-0.95 = 0.05. 

2 

Hence, the power required to maintain the cavity, when A c = (7l/4)D , is 
q p =Ac oT 4 -poT 4 -x s G s -soT 4 

q p =^-(0.050m) 2 a (523K) 4 -0.05o (523K) 4 -0.892x800W/m 2 -0.95o (412K) 4 

q p =3.47W. < 

COMMENTS: Note that the assumed value of 8 = 0.95 is not fully satisfied. With T = 412K, we 
would expect e = 0.929. Hence, an iteration may be appropriate. 





PROBLEM 12.108 


KNOWN: Features of an evacuated tube solar collector. 
FIND: Ideal surface spectral characteristics. 

SCHEMATIC: 



Outer tube 
Inner tube 
Evacuated space 


ANALYSIS: The outer tube should be transparent to the incident solar radiation, which is 
concentrated in the spectral region X < 3pm, but it should be opaque and highly reflective to radiation 
emitted by the outer surface of the inner tube, which is concentrated in the spectral region above 3pm. 
Accordingly, ideal spectral characteristics for the outer tube are 



Note that large is desirable for the outer, as well as the inner, surface of the outer tube. If the 

surface is diffuse, a large value of p^ yields a small value of £y, = «>, = 1 - p>,. Hence losses due to 
emission from the outer surface to the surroundings would be negligible. 

The opaque outer surface of the inner tube should absorb all of the incident solar radiation (X < 3pm) 
and emit little or no radiation, which would be in the spectral region X > 3pm. Accordingly, assuming 
diffuse surface behavior, ideal spectral characteristics are: 


“x =£ a. 






PROBLEM 12.109 


KNOWN: Plate exposed to solar flux with prescribed solar absorptivity and emissivity; convection 
and surrounding conditions also prescribed. 

FIND: Steady-state temperature of the plate. 


SCHEMATIC: 


Tao'-irc 

h=Z0Wlm*-K 


T -17°C 

'sur 

& s --100WlmZ 

r oc s = ^- <? 
11 



J l e = 01 

^77777777777777777^*-Insula tio n 



ASSUMPTIONS: (1) Steady-state conditions, (2) Plate is small compared to surroundings, (3) 
Backside of plate is perfectly insulated, (4) Diffuse behavior. 

ANALYSIS: Perform a surface energy balance on the top surface of the plate. 

^in — ^out ~ 0 

a S C'S +a ^’sur _ 9conv -e (T s ) = 0 

Note that the effect of the surroundings is to provide an irradiation, G sur , on the plate; since the spectral 
distribution of G sur and E)j-> (T s ) are nearly the same, accordiing to Kirchoff s law, a = £. Recognizing 
that G sur = oT s 4 ur and using Newton’s law of cooling, the energy balance is 

a s G s + eoT s 4 ur - h (T s - ) - £ ■ oT s 4 = 0. 

Substituting numerical values, 

0.9x900 W/m 2 +0.1x5.67xl0 _8 W/m 2 Kx(l7+273) 4 K 4 

-20W/m 2 ■ K(T S - 290)K -0.l|5.67xl0 -8 W/m 2 ■ K 4 |t 4 = 0 

6650 W / m 2 = 20T S + 5.67x 10 -9 T 4 . 

From a trial-and-error solution, find 

T s =329.2 K. < 

COMMENTS: (1) When performing an analysis with both convection and radiation processes 
present, all temperatures must be expressed in absolute units (K). 

(2) Note also that the terms a G sur - £ (T s ) could be expressed as a radiation exchange term, 
written as 

flrad = q / A = £G |T sur -T s j. 

The conditions for application of this relation were met and are namely: surroundings much larger than 
surface, diffuse surface, and spectral distributions of irradiation and emission are similar (or the surface 
is gray). 






PROBLEM 12.110 


KNOWN: Directional distribution of ag for a horizontal, opaque, gray surface exposed to direct and 
diffuse irradiation. 

FIND: (a) Absorptivity to direct radiation at 45° and to diffuse radiation, and (b) Equilibrium 
temperature for specified direct and diffuse irradiation components. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, gray surface behavior, (3) Negligible 
convection at top surface and perfectly insulated back surface. 


ANALYSIS: (a) From knowledge of a@ (0) - see graph above - it is evident that the absorptivity of 
the surface to the direct radiation (45°) is 


adir=«e( 4 5°)=0.8. < 

The absorptivity to the diffuse radiation is the hemispherical absorptivity given by Eq. 12.44. Dropping 
the X subscript, 

rTt / 2 

Jo 

|7t/2 


a dir = 2 f CX 0 (0 )cos 0 sin 0 d 0 
^ 0 

a dir = 2 0.8 


(1) 


sin 2 0 


K / 3 ci n 2 Q 
+ 0 . 1 ^-^ 
o 2 


l7t/3 


adir =0.625. < 

(b) Performing a surface energy balance, 

Em ~Kut =0 

a dir E>dir + a dif E>dif —e °T S = 0 . ( 2 ) 


The total, hemispherical emissivity may be obtained from Eq. 12.36 where again the subscript may be 
deleted. Since this equation is of precisely the same form as Eq. 12.44 - see Eq. (1) above - and since 

= £ 0 , it follows that 
£ = a^f = 0.625 


and from Eq. (2), find 

4 _ (0.8x600+0.625x100) W/m 2 
0.625x5.67xl0 _8 W/m 2 K 4 


1.53xl0 10 K 4 , 


T s = 352 K. 


< 


COMMENTS: In assuming gray surface behavior, spectral effects are not present, and total and 
spectral properties are identical. However, the surface is not diffuse and hence hemispherical and 
directional properties differ. 




PROBLEM 12.111 

KNOWN: Plate temperature and spectral and directional dependence of its absorptivity. Direction 
and magnitude of solar flux. 

FIND: (a) Expression for total absorptivity, (b) Expression for total emissivity, (c) Net radiant flux, 
(d) Effect of cut-off wavelength associated with directional dependence of the absorptivity. 

SCHEMATIC: 



ASSUMPTIONS: (1) Diffuse component of solar flux is negligible, (2) Spectral distribution of solar 
radiation may be approximated as that from a blackbody at 5800 K, (3) Properties are independent of 
azimuthal angle (j). 

ANALYSIS: (a) For A < A c and 0 = 45°, ax = a x cos0 = 0.707 a h From Eq. (12.47) the total 
absorptivity is then 


= 0.707 aj 


E A b (A ,5800 K)dA J7 E A,b (^,5800 K)dA 


a s = 0.707 ^ F (0 ^ Ac ) + a 2 [l - F (0 ^ Ac ) 


For the prescribed value of A c , A C T = 11,600 /mi-K and, from Table 12.1, Fjp^Ac) = 0.941. Hence, 

a s = 0.707x0.93x0.941 + 0.25(1-0.941) = 0.619 + 0.015 = 0.634 < 

(b) With £x,o = OCX,O’’ Eq (12.36) may be used to obtain £x for A < A c . 


rir / 2 o r*r)c^ f) 71 /2 0 

e^(/l,T) = 2J 0 cos"0sin0d0 =-2a^—-—^ = —aj 


From Eq. (12.38), 


£ = 0.667 cci 


ft EA.b(VT p )d X IT E^.b0-Tp)dA 


£ '= 0.667k, b ((J _; c ) +« 2 [l-F (0 _. c ) 


For A c = 2 j.im and T p = 333 K, A C T = 666 /im-K and, from Table 12.1, F(o-Ac) = 0. Hence, 

£ =CC2 =0.25 


Continued 


< 





PROBLEM 12.111 (Cont.) 


(c) q' et =« S qs- £(7T p =634 W/m 2 -0.25x5.67xl(T 8 W/m 2 ■ K 4 (333 K) 4 

q; et = 4 60 W/m 2 < 

(d) Using the foregoing model with the Radiation/Band Emission Factor option of IHT, the following 
results were obtained for cts and £■ The absorptivity increases with increasing A e , as more of the 
incident solar radiation falls within the region of (t\ > (Xj■ Note, however, the limit at A ~ 3 /tin. 
beyond which there is little change in as- The emissivity also increases with increasing A c , as more 
of the emitted radiation is at wavelengths for which e\-a\>e 2 = 0C2- However, the surface 
temperature is low, and even for A c = 5 /tin. there is little emission at A < A c . Hence, £ only increases 
from 0.25 to 0.26 as A c increases from 0.7 to 5.0 /tm. 



0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 


Cut-off wavelength (micrometer) 

—AlphaS 
—Epsilon 

2 1 

The net heat flux increases from 276 W/m“ at A c = 2 /tm to a maximum of 477 W/m at A c = 4.2 /tm 

1 

and then decreases to 474 W/m at A c = 5 /tm. The existence of a maximum is due to the upper limit 
on the value of as and the increase in £ with A c . 

COMMENTS: Spectrally and directionally selective coatings may be used to enhance the 
performance of solar collectors. 



PROBLEM 12.112 


KNOWN: Spectral distribution of cx>, for two roof coatings. 

FIND: Preferred coating for summer and winter use. Ideal spectral distribution of ax. 

SCHEMATIC: 


x / f 


oc 


1 r 
0 . 8 - 
0 . 6 - 
04- 
0 . 2 - 


Coating A 


Coa ting B 

X(ju7n) 


8 12 16 


ASSUMPTIONS: (1) Opaque, diffuse surface behavior, (2) Negligible convection effects and heat 
transfer from bottom of roof, negligible atmospheric irradiation, (3) Steady-state conditions. 

ANALYSIS: From an energy balance on the roof surface 
eoT s 4 =a s G s . 

Hence 


T s = 


as Gs 

£ O 


\l/4 


Solar irradiation is concentrated in the spectral region X < 4pm, while surface emission is concentrated 
in the region X > 4pm. Hence, with «> = £). 


Coating A: as = 0.8, £=0.8 

Coating B\ as = 0.6, £ = 0.2. 


Since (as/£)A = 1 < (as/£)B = 3, Coating A would result in the lower roof temperature and is 
preferred for summer use. In contrast, Coating B is preferred for winter use. The ideal coating is one 
which minimizes (as/£) in the summer and maximizes it in the winter. 


oc\=£ 




T 


:Himmer 


-j. 


L 


Winter 


0 


8 1Z 16 






PROBLEM 12.113 


KNOWN: Shallow pan of water exposed to night desert air and sky conditions. 
FIND: Whether water will freeze. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Bottom of pan is well insulated, (3) Water surface 
is diffuse-gray, (4) Sky provides blackbody irradiation, G^y = o T^y. 

PROPERTIES: Table A-ll, Water (300 K): £=0.96. 

ANALYSIS: To estimate the water surface temperature for these conditions, begin by performing an 
energy balance on the pan of water considering convection and radiation processes. 

E in — E out =0 

a G s ky _eE b _ h(T s - T oo ) = 0 
e ( T sky - T s 4 ) - lT ( T s - T „) = °. 


Note that, from Eq. 12.64, G^y = o T s {. v and from Assumption 3, a = £. Substituting numerical 
values, with all temperatures in kelvin units, the energy balance is 


0.96x5.67x10 


-8 W 


m 2 ■ K 4 


(-40 + 273 j — Tg 


K‘ 


W 


m 2 ■ K 


[T s -(20 + 273)]K=0 


5.443x10' 


233 4 -T« 


-5[T S -293] = 0. 


Using a trial-and-error approach, find the water surface temperature, 


T s = 268.5K. 


< 


Since T s < 273 K, it follows that the water surface will freeze under the prescribed air and sky 
conditions. 

COMMENTS: If the heat transfer coefficient were to increase as a consequence of wind, freezing 
might not occur. Verify that for the given T. XJ and T sl - V , that if h increases by more than 40%, 
freezing cannot occur. 





PROBLEM 12.114 


KNOWN: Flat plate exposed to night sky and in ambient air at T a j r = 15°C with a relative humidity 
of 70%. Radiation from the atmosphere or sky estimated as a fraction of the blackbody radiation 
corresponding to the near-ground air temperature, G s i <v = £ sky a Tai r , and for a clear night, £ sky = 

0.741 + 0.0062 Tdp where T^p is the dew point temperature (°C). Convection coefficient estimated by 

correlation, h( W / m 2 ■ K) = 1.25AT^ 3 where AT is the plate-to-air temperature difference (K). 


FIND: Whether dew will form on the plate if the surface is (a) clean metal with £ m = 0.23 and (b) 
painted with £ p = 0.85. 

SCHEMATIC: 



^Night sky 


Tair=15°C 
RH = 70% 
h = 1.25AT 1/3 


Gsky - e sky CT T|i r 

e sky = 0.741 + 0.0062T dp (°C) 


41 


T s , Clean metallic, e m = 0.23 


y//////////////////////////y 


Painted surface, s n = 0.85 


9cv s Eb(T s ) C^sky^sky 



y//////////////////////////y 


ASSUMPTIONS: (1) Steady-state conditions, (2) Surfaces are diffuse, gray, and (3) Backside of 
plate is well insulated. 


PROPERTIES: Psychrometric charts (Air), Tjp = 9.4°C for dry bulb temperature 15°C and relative 
humidity 70%. 

ANALYSIS: From the schematic above, the energy balance on the plate is 
^in - E ou t = 0 

°^sky ^sky + c lcv ~ C^s) = 0 


0.741 + 0.0062 T dp (°c)) <7T a 4 ir 1 +1.25(1^. 


T s ) 473 W/m 2 


- eoT c W / m = 0 


where G sky = £ sky a T a j r , £ sky = 0.741 + 0.062 T<j p (°C); T^p has units (°C); and, other temperatures in 
kelvins. Since the surface is diffuse-gray, a sky = £. 


(a) Clean metallic surface, £ m = 0.23 


0.23 


f0.741 + 0.0062 T dp (°c)\x(l5 + 273) 4 K‘ 


+1.25 (289 -T s m ) 4/3 W/m 2 -0.23 (7T 4 m W/m 2 =0 


V 
2 


T s?m = 282.7 K = 9.7°C 


< 


(b) Painted surface, £ p = 0.85 T s p = 278.5 K = 5.5°C < 

COMMENTS: For the painted surface, £ p = 0.85, find that T s < T^p, so we expect dew formation. 
For the clean, metallic surface, T s > T dp , so we do not expect dew formation. 




PROBLEM 12.115 


KNOWN: Glass sheet, used on greenhouse roof, is subjected to solar flux, G§, atmospheric emission, 
G a tni5 an d interior surface emission, Gj, as well as to convection processes. 

FIND: (a) Appropriate energy balance for a unit area of the glass, (b) Temperature of the greenhouse 
ambient air, T. XJJ , for prescribed conditions. 

SCHEMATIC: 



Conditi 


on s: 


T g =Z7°C Xoo=24°C 

h; =10Mlm*K h 0 -SSW/m z K 

& s =UOO\Nlm z Gjt m =250\N/ml 


ASSUMPTIONS: (1) Glass is at a uniform temperature, T g , (2) Steady-state conditions. 

PROPERTIES: Glass: xx, = 1 for X < 1pm; Xx = 0 and a>, = 1 lor X > 1 pm. 

ANALYSIS: (a) Performing an energy balance on the glass sheet with E m -E out =0 and 
considering two convection processes, emission and three absorbed irradiation terms, find 

«S G S +«atm Gatm + h G (T^ -T g ) +04 Gj + h ^ -T g )-2 8 oT g =0 (1) 

where as = solar absorptivity for absorption of G^s ~ Ex^ (A,, 5800K) 

a atm = ot| = absorptivity of long wavelength irradiation (X» 1 pm) ~ 1 
8 = ax for X » 1 pm, emissivity for long wavelength emission ~ 1 

(b) For the prescribed conditions, T^j can be evaluated from Eq. (1). As noted above, a atm = a; = 1 
and 8 = 1. The solar absorptivity of the glass follows from Eq. 12.47 where Gx,s ~ Ex,b (X, 5800K), 

«S = j^A G X , S dA / G s = (A,5800K) dX/E h (5800K) 

a S =a l F ( {) — 4pm) +a 2 1— ^(0— >lpm) = 0x0.720+ 1.0[l-0.720] = 0.28. 

Note that from Table 12.1 for AT = 1 pm x 5800K = 5800 pm-K, F (() . - K) = 0.720. Substituting 
numerical values into Eq. (1), 

0.28x1100W/m 2 + lx250W/m 2 + 55W/m 2 ■ K(24-27)K+lx440W/m 2 + 

10W/m 2 K(T ooi -27)K-2xlx5.67xl0 _8 W/m 2 K(27 + 273) 4 K 4 =0 

find that 


T oo4 =35.5°C 


< 



PROBLEM 12.116 


KNOWN: Plate temperature and spectral absorptivity of coating. 

FIND: (a) Solar irradiation, (b) Effect of solar irradiation on plate temperature, total absorptivity, and 
total emissivity. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Opaque, diffuse surface, (3) Isothermal plate, (4) Negligible 
radiation from surroundings. 

ANALYSIS: (a) Performing an energy balance on the plate, 2otsGs - 2E = 0 and 
a s G s -cctT 4 =0 

For XT = 4.5 pm x 2000 K = 9000 pm-K, Table 12.1 yields F (o ^) = 0.890. Hence, 

£ = £iF(o^A) + £ 2 (l - )) = 0.95 x0.890 + 0.03 (l - 0.890) = 0.849 

For XT - 4.5 pm x 5800 K = 26,100, F (o ^ - 0.993. Hence, 

a s = cqF( 0 ^;t) + a 2 (l - F( 0 ^^)) = 0.95 x 0.993 + 0.03 x 0.007 = 0.944 

Hence, 

G s = (£/a s )cjT 4 = (0.849/0.944)5.67xl0“ 8 w/ m 2 - K 4 (2000 K) 4 = 8.16xl0 5 w/ m 2 < 

(b) Using the IHT First Law Model and the Radiation Toolpad, the following results were obtained. 



The required solar irradiation increases with T to the fourth power. Since as is determined by the 
spectral distribution of solar radiation, its value is fixed. However, with increasing T, the spectral 
distribution of emission is shifted to lower wavelengths, thereby increasing the value of £. 






PROBLEM 12.117 

KNOWN: Thermal conductivity, spectral absorptivity and inner and outer surface conditions for wall 
of central solar receiver. 

FIND: Minimum wall thickness needed to prevent thermal failure. Collector efficiency. 

SCHEMATIC: 


k=15W/m-K—^ 

Too.i - 700K f f f 
hj=1000W/m*K} I I 


< — L —^ 


v : 

i 

Y 

1 4 - 

i 

\ 

i 

i 

;T 

i 

i 


~T SO =1000K 


T s Ur - 3 OOK- 
9^= 30,000 W/mZ 

T M ' 0 =z>oqK 

h a = ISW/mZ-K 



ASSUMPTIONS: (1) Steady-state conditions, (2) Outer surface is opaque and diffuse, (3) Spectral 
distribution of solar radiation corresponds to blackbody emission at 5800 K. 

ANALYSIS: From an energy balance at the outer surface, E m = E out , 

■'4 , r, (t 1 i T s,o 


^SOS + a sur C*sur _ E S o + h G (T so T^ ^) + ■ 


(L/k) + (l/hi) 

Since radiation from the surroundings is in the far infrared, a sur = 0.2. From Table 12.1, AT = (3 pm x 
5800 K) = 17,400 pm-K, find F(o-> 3 p m ) = 0.979. Hence, 

J7“Ji E X, b (5800 K)d>. 


a, 


E b 


OCiF^q—+« 2^3—>oo) - 0.9(0.979)+ 0.2(0.021)- 0.885. 


From Table 12.1, AT = (3 pm x 1000 K) = 3000 pm-K, find F^o_>3|am) = 0.273. Hence, 


£ s = 


pOO 

e A^A b (1000 K)dA 

- Jo -’-= eiF (0 ^ 3) +£ 2 F (3 _ >oo) =0.9(0.273)+0.2(0.727) =0.391. 


Eb 


Substituting numerical values in the energy balance, find 

0.885^80,000 W/m 2 ) +0.2 X5.67X10” 8 W/m 2 - K 4 (300 k) 4 = 0.391x5.67x 10^ W/m 2 • K 4 (1000 k) 

+25 W/m 2 -K(700 K)+(300 K)/ (L/1 5 W/m-K)+(l/lOOO W/m 2 ■ k) 

L =0.129 m. 


The corresponding collector efficiency is 

Ts,o ~Eoo j 


„ _ Ouse _ 
I // 

qs 


(L/k) + (l/hi) 


/qs 




300 K 


(0.129m /1 5 W/m-K) +(o.001m 2 -K/w) 


/80,000 W / m 2 = 0.391or 39.1%. < 


COMMENTS: The collector efficiency could be increased and the outer surface temperature 
reduced by decreasing the value of L. 






PROBLEM 12.118 

KNOWN: Dimensions, spectral absorptivity, and temperature of solar receiver. Solar irradiation and 
ambient temperature. 

FIND: (a) Rate of energy collection q and collector efficiency T|, (b) Effect of receiver temperature on q 
and t|. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Uniform irradiaton, (3) Opaque, diffuse surface. 

PROPERTIES: Table A.4, air (T f = 550 K): v = 45.6 x 10 6 m 2 /s, k = 0.0439 W/m-K, a = 66.7 x 10 6 
m 2 /s, Pr = 0.683. 


ANALYSIS: (a) The rate of heat transfer to the receiver is q = A s (a^Gq - E - q£ onv ), or 
q = 7tDL a s G s ~ ecrT s 4 - h (T s - ) 

For XT = 3 pm x 5800 K = 17,400, F (0 ^) = 0.979. Hence, 

= a 1^0->2) +a 2 (l — ^(o—)) = 0-9x0.979+ 0.2(0.02!) = 0.885 
For XT - 3 pm x 800 K = 2400 pm-K, F (0 ^) = 0.140. Hence, 

e=eiF (0 ^ A )+e 2 (l-F (0 ^ A) ) = 0.9x0.140 + 0.2(0.860) = 0.298. 

With Ra L = gp(T s - T^ )L 3 /av = 9.8 m/s 2 (l/550 K)(500 K)(12 m) 3 /66.7 x 10 6 m 2 /s x 45.6 X 10 6 m 2 /s = 
5.06 x 10 12 , Eq. 9.26 yields 

2 

= 1867 



- — k 0.0439 W/mK / 2 

h = Nul - = 1867- L -= 6.83 W/ m" K 

L 12m 


Hence, 


q = n (7 mx 12 m) 0.885 x 80,000 w/m 2 - 0.298x 5.67 x 10 8 w/m 2 K 4 (800 K) 4 - 6.83 w/m 2 K (500 K) 


q = 263.9m" (70,800-6,920-3415) W/m" = 1.60xl0 7 W 



Continued 




PROBLEM 12.118 (Cont.) 


(b) The IHT Correlations , Properties and Radiation Toolpads were used to obtain the following results. 



Receiver temperature, Ts(K) 



Receiver temperature, T(K) 


Losses due to emission and convection increase with increasing T s , thereby reducing q and T|. 

COMMENTS: The increase in radiation emission is due to the increase in T s , as well as to the effect of 
T s on e, which increases from 0.228 to 0.391 as T s increases from 600 to 1000 K. 





PROBLEM 12.119 


KNOWN: Dimensions and construction of truck roof. Roof interior surface temperature. Truck speed, 
ambient air temperature, and solar irradiation. 

FIND: (a) Preferred roof coating, (b) Roof surface temperature, (c) Heat load through roof, (d) Effect 
of velocity on surface temperature and heat load. 


SCHEMATIC: 

<Ak> 

V 


T oo = 300 K 



ASSUMPTIONS: (1) Turbulent boundary layer development over entire roof, 
(3) Negligible atmospheric (sky) irradiation, (4) Negligible contact resistance. 


? 0 
\ t / 


II 

conv 



(2) Constant properties, 


PROPERTIES: Table A.4 , Air (T s , 0 » 300 K, 1 atm): v = 15x10 6 m 2 /s , k = 0.026 W/m K , 
Pr = 0.71. 


ANALYSIS: (a) To minimize heat transfer through the roof, minimize solar absorption relative to 
surface emission. Hence, use zinc oxide white for which ots= 0.16 and £ = 0.93. ^ 


(b) Performing an energy balance on the outer surface of the roof, + qconv - E - qcond = 0, it 

follows that 

+ t 1 (T 00 — T so ) = £(7T S0 + (k/t)(T S0 — T s j) 

where it is assumed that convection is from the air to the roof. With 

„ VL 30m/s(5 m) in? 

Re L =-=- 17 , / = 10 

v 15x10 0 m /s 

Nul =0.037Re^ 5 Pr 1/3 = 0.037(10 7 ) 4/5 (0.71) 1/3 = 13,141 

h = Nu L (k/ L ) = 13,141(0.026 W/m K/5m = 68.3 w/m 2 - K . 

Substituting numerical values in the energy balance and solving by trial-and-error, we obtain 

T s , 0 = 295.2 K. < 

(c) The heat load through the roof is 

q = (kA s /t)(T s>0 -T sJ ) = (0.05 w/m • Kx 10m 2 /o.025m)35.2 K = 704 W . < 

(d) Using the IHT First Law Model with the Correlations and Properties Toolpads, the following results 
are obtained. 


Continued... 






PROBLEM 12.119 (Cont.) 




The surface temperature and heat load decrease with decreasing V due to a reduction in the convection 
heat transfer coefficient and hence convection heat transfer from the air. 

COMMENTS: The heat load would increase with increasing as/e. 





PROBLEM 12.120 

KNOWN: Sky, ground, and ambient air temperatures. Grape of prescribed diameter and properties. 

FIND: (a) General expression for rate of change of grape temperature, (b) Whether grapes will 
freeze in quiescent air, (c) Whether grapes will freeze for a prescribed air speed. 


SCHEMATIC: 

T x =Z73K 

V=0orlmfs 


T)-1K X^SJfcy , ^— ^Tlf,y-Z35K. 


o" £ 

com "t' 

T & ea 


-7L=r,=273/C 


Grape 

£q-1 

Tf=~5°C 

fp 


ASSUMPTIONS: (1) Negligible temperature gradients in grape, (2) Uniform blackbody irradiation 
over top and bottom hemispheres, (3) Properties of grape are those of water at 273 K, (4) Properties 

of air are constant at values for T^, (5) Negligible buoyancy for V = 1 m/s. 

PROPERTIES: Table A-6, Water (273 K): c p = 4217 J/kg-K, p = 1000 kg/m 3 ; Table A-4, Air (273 
K, 1 atm): v = 13.49 x 10' 6 m 2 /s, k = 0.0241 W/m-K, a = 18.9 x 10' 6 m 2 /s, Pr = 0.714, p = 3.66 x 10' 3 


ANALYSIS: (a) Performing an energy balance for a control surface about the grape, 
^ - - —'" ^ = h7tD 2 -T g ) + ^-(G ea +G sky ) -E;tD 


dt ' 6 6 dt v 2 v 

Hence, the rate of temperature change with time is 

^ = ^[ K(T “ _Tg)+0 (^ a+T ^) /2_egT£4 )-' 

(b) The grape freezes if dT„/dt < 0 when T g = T tp = 268 K. With 

g |3 f t -T )d 3 9.8m/s 2 (3.66xl0 -3 K _1 )5K(0.015 m) 3 

Ra D * ”... =- ... . & -= 2374 


av 18.9xl0 _6 xl3.49xl0 _6 m 4 /s 2 


using Eq. 9.35 find 


Nu Q — 2 + 


0.589(2374) 1 
l + (0.469/Pr) 9/1 


h = (k/D) Nu d =[(0.0241W/mK)/(0.015m)]5.17=8.3 1 W/m 2 ■ K. 
Hence, the rate of temperature change is 


8.3 1 W/m-K (5 K) 


dt (l000kg/m 3 )4217J/kg-K(0.015 m)^ 

+5.67xlO -8 W/m 2 ■ K 4 ^273 4 + 235 4 )/2- 


268 4 K 4 


Continued 




PROBLEM 12.120 (Cont.) 


dT, 


§ — I 


= 9.49xl0 _5 Km z /J[41.55-48.56]W/m z =-6.66x10“* K/s 


-4 


dt 


and since dTVdt < 0, the grape will freeze. 
(c) For V = 1 m/s, 

VD 1 m/s(0.015 m) 


Re D =- 


Hence with (p/p s ) = 1, 
Nu 


v 13.49xl0 _6 m 2 /s 

1/4 


= 1112 . 


'D 


D 


D 


= 2 + (0.4Re 1 D /2 + 0.06Re 2 ) /3 )Pr°- 4 =21.8 


r — k -, O 0.0241 2 

h = NUp. — = 21.8-= 35 W/m K. 

D D 0.015 

Hence the rate of temperature change with time is 

dX 


dt 


■ 9.49 xlO -5 K ■ m 2 / J 


35 W / m z ■ K(5 K) -48.56 W / nX 


■ 0.012 K/ s 


and since dTg/dt > 0, the grape will not freeze. < 

COMMENTS: With Grp = Ra D /Pr = 3325 and Gr D /Re^ = 0.0027, the assumption of negligible 
buoyancy for V = 1 m/s is reasonable. 



PROBLEM 12.121 

KNOWN: Metal disk exposed to environmental conditions and placed in good contact with the earth. 

FIND: (a) Fraction of direct solar irradiation absorbed, (b) Emissivity of the disk, (c) Average free 
convection coefficient of the disk upper surface, (d) Steady-state temperature of the disk (confirm the 
value 340 K). 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Disk is diffuse, (3) Disk is isothermal, (4) 

Negligible contact resistance between disk and earth, (5) Solar irradiance has spectral distribution of 

E kh (1, 5800 K). 

PROPERTIES: Table A-4, Air (1 atm, T f = (T s + T cx ,)/2 = (340 + 300) K/2 = 320 K): v = 17.90 x 
10' 6 m 2 /s, k = 0.0278 W/m-K, a = 25.5 x 10' 6 m 2 /s, Pr = 0.704. 

ANALYSIS: (a) The solar absorptivity follows from Eq. 12.49 with Gy s oc E;j-> ( X , 5800 K), and «>, = 
&X, since the disk surface is diffuse. 

J 'OO 

() a^ h {K 5800K)/E b (5800 K) 

a S - 8 l^(0-^lpm) +e 2 (l _ ^(0->lpm)) • 

From Table 12.1 with 

XT = 1 (imx5800 K = 5800 (im-K find F( 0 ^ T ) = 0.720 

giving 

a s =0.9x0.720+0.2(1-0.720) = 0.704. < 

Note this value is appropriate for diffuse or direct solar irradiation since the surface is diffuse. 

(b) The emissivity of the disk depends upon the surface temperature T s which we believe to be 340 K. 
(See part (d)). From Eq. 12.38, 

TOO 

e = Jq e X^X,b T s )/E b (T s ) 

£ =£ lF(0^1pm) +£ 2(l~F(0-qq m )) 


Continued 




From Table 12.1 with 


PROBLEM 12.121 (Cont.) 


XT = 1 (imx 340 K = 340 (im - K find ^ 0 ^XT) = 0.000 

giving 

£ = 0.9x0.000+0.2 (l—0.000) = 0.20. < 

(c) The disk is a hot surface facing upwards for which the free convection correlation of Eq. 9.30 is 
appropriate. Evaluating properties at Tf = (T s + T«J/2 = 320 K, 

RaL = gPATL^ /va where L =A S /P =D /4 

Ra L = 9.8 m/s 2 (1/320 K )(340 - 300) K (0.4 m / 4 ) 3 /17.90 xlO -6 m 2 / sx 25.5x 10 -6 m 2 / s = 3.042 x 10 6 

N^ l =hL/k = 0.54Ra|^ 4 10 4 <Ra L <10 7 

/ a \1/4 0 

h = 0.0278 W / m - K/(0.4 m/ 4)x 0.5413.042x10® j = 6.37W/m 2 -K. < 


(d) To determine the steady-state temperature, perform 
an energy balance on the disk. 

Ein — E out = E st 

( a sG s ,d E>sky _e Eb _ Tconv) A s _ Ocond = 0- 

Since G s | <y is predominately long wavelength radiation, it 
follows that a = £. The conduction heat rate between 
the disk and the earth is 



Ocond _ ES(T s T ea )-k(2D)(T s T ea ) 


where S, the conduction shape factor, is that of an isothermal disk on a semi-infinite medium, Table 4.1. 

2 

Substituting numerical values, with As = TtD /4, 


0.704 x 745 W/m 2 +0.20 g (280 K) 4 -0.20aT 4 


-6.3 W/m" K(T s -300 K) 7t/4(0.4m)‘ 


0.52 W/m- K( 2x0.4 m)(T s -280 K) = 0 


65.908 W + 8.759 W-1.425xl0 9 T S 4 -0.792(T S -300)-0.416(T s -280) = 0. 
By trial-and-error, find 


T s « 339 K. < 

so indeed the assumed value of 340 K was proper. 

COMMENTS: Note why it is not necessary for this situation to distinguish between direct and 
diffuse irradiation. Why does a s ^ y = £? 




PROBLEM 12.122 


KNOWN: Shed roof of weathered galvanized sheet metal exposed to solar insolation on a cool, clear 
spring day with ambient air at - 10°C and convection coefficient estimated by the empirical 

— r i-i 2 

correlation h = 1.0 AT (W/m K with temperature units of kelvins). 

FIND: Temperature of the roof, T s , (a) assuming the backside is well insulated, and (b) assuming the 
backside is exposed to ambient air with the same convection coefficient relation and experiences 
radiation exchange with the ground, also at the ambient air temperature. Comment on whether the 
roof will be a comfortable place for the neighborhood cat to snooze for these conditions. 

SCHEMATIC: 



mm 

V Tsky = -40°C 

G s = 600 W/m 2 




I —T s , sheet metal 

_ e = 0.65 

as = 0.8 



/ 


Gs '- T S ky 




T s , 8, a s 




r grd — Too 

(b) * x x axx^*xxxaxxxxxxxxxX)6&?V 


r 


ASSUMPTIONS: (1) Steady-state conditions, (2) The roof surface is diffuse, spectrally selective, 
(3) Sheet metal is thin with negligible thermal resistance, and (3) Roof is a small object compared to 
the large isothermal surroundings represented by the sky and the ground. 

ANALYSIS: (a) For the backside-insulated condition, the energy balance, represented schematically 
below, is 

^in ~ E ou t = 0 

a sky Eb(Tsky) + a sGs _c lcv -£ Eb(T s ) = 0 

^sky ^sky + — T0 (T s — Too) — e °Ts = ^ 

With C£ s ky = £ (see Comment 2) and (7 = 5.67 X10 ^ W / m 2 ■ K 4 , find T s . 

0.65 cr(233 K) 4 W/m 2 +0.8x600 W/m 2 -1.0(T S -283 K) 4/3 W/m 2 -0.65 crT 4 =0 

T s = 312.5 K = 39.5°C < 


9cv 

(a) 


£ Eb(T s ) tx S kyEb(T S ky) _ 

\ \ / /; t 




Energy balances: backside condition¬ 
al insulated, (b) exposed to air/ground 


q’cv 


(b) 


f>Eb(T s ) a sk yE b (T sky ) qiqGq 

\ \ / y . 


/ / \ 

£ Eb(Ts) <XgrdEb(Tgrd) 


Continued 







PROBLEM 12.122 (Cont.) 


(b) With the backside exposed to convection with the ambient air and radiation exchange with the 
ground, the energy balance, represented schematically above, is 

a skyEb(Tsky) + tt grdEb(Tgrd) + a sGs — 2q cv —2eE|- ) (T s ) = 0 

Substituting numerical values, recognizing that T grt j = T M , and a gr d = £ (see Comment 2), find T s . 

0.65 cr(233 K) 4 W / m 2 + 0.65 a(283 K) 4 W / m 2 + 0.8 x 600 W / m 2 
-2 x 1.0 (T s - 283 K) 4/3 W / m 2 - 2 x 0.65 <7 T 4 = 0 

T s = 299.5 K= 26.5°C < 

COMMENTS: (1) For the insulated-backside condition, the cat would find the roof quite warm 
remembering that 43°C represents a safe-to-touch temperature. For the exposed-backside condition, 
the cat would find the roof comfortable, certainly compared to an area not exposed to the solar 
insolation (that is, exposed only to the ambient air through convection). 

(2) For this spectrally selective surface, the absorptivity for the sky irradiation is equal to the 
emissivity, a s k y = £, since the sky irradiation and surface emission have the same approximate 
spectral regions. The same reasoning applies for the absorptivity of the ground irradiation, a gr d = £. 



PROBLEM 12.123 


KNOWN: Amplifier operating and environmental conditions. 


FEND: (a) Power generation when T s = 58°C with diffuse coating e = 0.5, (b) Diffuse coating from among three (A, 
B, C) which will give greatest reduction in T s , and (c) Surface temperature for the conditions with coating chosen 
in part (b). 


SCHEMATIC: 


To=27 0 C 

h=15W/m*-K 


~lsky~~20 C 



! JCr 3 =aoow/ m z 
■ y — Z=S3°C, e -0.5 



ASSUMPTIONS: (1) E nvironmental conditions remain the same with all surface coatings, (2) 
Coatings A, B, C are opaque, diffuse. 


ANALYSIS: (a) Performing an energy balance 
on the amplifier’s exposed surface, 

Ein-E O ut= 0 ’ fmd 



P e+ A s 


[cc s Gq 


CKol/yG 


sky ° sky 


-eEv 


' 4conv ] 


= 0 


P e = A s eo T s 4 + h (T s - T^ ) -a s G s -a sky oT 4 ky 
2 


P e =0.13x0.13 m 


0.5x0 (331 ) 4 +15(331-300)-0.5x800- 0.5xo (253) 4 


W/nT 


P e =0.0169m 2 [0.5x680.6+465-0.5x800-0.5x232.3]W/m 2 =4887 W. < 

(b) From above, recognize that we seek a coating with low a§ and high e to decrease T s . Further, recognize that 
a§ is determined by values of O.} = for X < 3 pm and e by values of for X> 3 pm. Find approximate values as 


Coating 

A 

B 

C 

e 

0.5 

0.3 

0.6 

ct s 

0.8 

0.3 

0.2 

ct s /e 

1.6 

1 

0.333 


Note also that a sky ~ £. We conclude that coating C is likely to give the lowest T s since its a§/£ is substantially 
lower than for B and C. While a sky for C is twice that of B, because G sky is nearly 25% that of G§, we expect 
coating C to give the lowest T s . 


(c) With the values of a§, a sky and e for coating C from part (b), rewrite the energy balance as 
P e /A s +a s G s +a s ky aT sky -£oT sf - h ( T s _T oo) =0 

4.887 W/(0.13 m) 2 +0.2x800 W/m 2 +0.6x232.3 W/m 2 -0.6xoT 4 -15(T S -300) = 0 

Using trial-and-error, find T s = 316.5 K = 43.5°C. ^ 

COMMENTS: (1) Using coatings A and B, find T s = 71 and 54°C, respectively. (2) For more precise values of 
a s , oc sky and e, use T s = 43.5°C. For example, at A,T S = 3 x (43.5 + 273) = 950 pm-K, Fq.^j = 0.000 while at A,T so i ar 
= 3 x 5800 = 17,400 pm-K, Fq.^T ~ 0.98; we conclude little effect will be seen. 







PROBLEM 12.124 


KNOWN: Opaque, spectrally-selective horizontal plate with electrical heater on backside is exposed 
to convection, solar irradiation and sky irradiation. 

FIND: Electrical power required to maintain plate at 60°C. 

SCHEMATIC: 


CKir) _ 
T m =20°C ~ 
h-lOW/mZ'K 


Tsk y- 40°C 

/Gc =600 VJ/m“ 

-Plate 
-Heater 
-Insulation 



wmmmm 



l.o |- 

: _ 

^ Mjum) 


ASSUMPTIONS: (1) Plate is opaque, diffuse and uniform, (2) No heat lost out the backside of 
heater. 

ANALYSIS: From an energy balance on 
the plate-heater system, per unit area basis, 

Ein — E out =0 

Oelec +a S G S +CtG s ] < y 

—8 Eb (T s ) — q conv = 0 

where G sky = a T s 4 ky , E b = a T s 4 , a n d q c " onv = h (T s - T, 

J * oo roo roo 

0 a A Gx,sdX/ J Q G x,S d A = J Q a^E^b (A, 5: 

where G>, s ~ E^b (A,, 5800 K). Noting that ax = 1 - p>„ 

a S _ (1 _ 0.2) ^( 0 - 2 pm) + (l - 0.7)|l- F( 0 - 2 pm)) 

where at AT = 2 pm x 5800 K = 11,600 pm-K, find from Table 12.1, F( 0 -x,t) = 0.941, 
a s =0.80x0.941 + 0.3(1-0.941) =0.771. 

The total, hemispherical emissivity is 

e _ (^ _ ®'^)^(0-2pm) + (l - 0-7)(l - F(0-2pm))' 

At AT = 2 pm x 333 K = 666 K, find F(O-AT) ~ 0.000; hence 8 = 0.30. The total, hemispherical 
absorptivity for sky irradiation is a = 8 = 0.30 since the surface is gray for this emission and 
irradiation process. Substituting numerical values, 

Oelec = £^Ts + h (T s — T,^) — 0(5 G§ — ocoT sk y 

qelec = 0.30xa(333 K) 4 +10W/m 2 K(60-20)^-0.771x600 W/m 2 -0.30xa (233 K ) 4 

Oelec = 209.2 W / m 2 + 400.0 W / m 2 -462.6 W / m 2 -50.1 W/m 2 = 96.5 W / m 2 . < 

COMMENTS: (1) Note carefully why a sky = 8 for the sky irradiation. 


9 " 5:4 

2 conv\ 1 y 

°^S j'XskyO'sky 

it_ 

_k 

Aelec 


). The solar absorptivity is 
30 K)dA/ |J°E^ b (A,5 800K)dA 






PROBLEM 12.125 


KNOWN: Chord length and spectral emissivity of wing. Ambient air temperature, sky temperature and 
solar irradiation for ground and in-flight conditions. Flight speed. 

FIND: Temperature of top surface of wing for (a) ground and (b) in-flight conditions. 


SCHEMATIC: 


[Part a] 

[Part b] 


T sky = 270 or 235 K 
[Part a or b] 

<cM> 

°C -> 

Uqo — 0 ^ 

Td = -40°C 
u m = 200 m/s 


3 sky 


Too = 27°C 


\ / / / 


mNmNmNmNNNmmNm 

Lo = 4 m 


G s = 800 or 1100 W/rrF 

[Part a or b] 


Wing, T s 
(a s , a sky , e) 


ASSUMPTIONS: (1) Steady-state, (2) Negligible heat transfer from back of wing surface, (3) Diffuse 
surface behavior, (4) Negligible solar radiation for X > 3 pm («s = (tx < 3 ^,11 = < 3 um = 0-6), (5) 

Negligible sky radiation and surface emission for X < 3 pm (a s k y = OCX > 3 fim = £l > 3 /an = 0-3 = £), (6) 
Quiescent air for ground condition, (7) Air foil may be approximated as a flat plate, (8) Negligible 
viscous heating in boundary layer for in-flight condition, (9) The wing span W is much larger than the 
chord length L c , (10) In-flight transition Reynolds number is 5 x 10 5 . 

PROPERTIES: Part (a). Table A-4, air (T f - 325 K): v = 1.84 x 10~ 5 m 2 /s, a = 2.62 x 10' 5 m 2 /s, k = 
0.0282 W/m-K, p = 0.00307. Part (b). Given: p = 0.470 kg/m 3 , p = 1.50 x 10~ 5 N s/m 2 , k = 0.021 
W/m-K, Pr = 0.72. 


ANALYSIS: For both ground and in-flight conditions, a surface energy balance yields 

^sky ^sky + = ^^s + ^ (^s — Xjo ) (1) 

where a s py = £ =0.3 and =0.6. 


(a) For the ground condition, h may be evaluated from Eq. 9.30 or 9.31, where L = A s /P = L c x W/2 (L c 

3 

+ W) ~ L c /2 = 2m and RaL = g/3 (T s - Too) L Net. Using the IHT software to solve Eq. (1) and accounting 
for the effect of temperature-dependent properties, the surface temperature is 

T s =350.6 K = 77.6°C < 

10 — 2 

where RaL = 2.52 x 10 and h = 6.2 W/m K. Heat transfer from the surface by emission and 

2 

convection is 257.0 and 313.6 W/m , respectively. 


(b) For the in-flight condition, ReL = pUcsL c /fi = 0.470 kg/m x 200 m/s x 4m/1.50 x 10 ' N s/m = 2.51 
7 

x 10 . For mixed, laminar/turbulent boundary layer conditions (Section 7.2.3 of text) and a transition 
Reynolds number of Re x c = 5 x 10 . 


Nu l = (o.037ReL /5 -87ljpr 1/3 =26,800 

- k 0.021W / m • K x 26,800 2 

h = — Nu t =-= 141 W/m^ 

L 4m 

Substituting into Eq. (1), a trial-and-error solution yields 


•K 


T s = 237.7 K = -35.3°C < 

Heat transfer from the surface by emission and convection is now 54.3 and 657.6 W/m , respectively. 

COMMENTS: The temperature of the wing is strongly influenced by the convection heat transfer 
coefficient, and the large coefficient associated with flight yields a surface temperature that is within 5°C 
of the air temperature. 




PROBLEM 12.126 


KNOWN: Spectrally selective and gray surfaces in earth orbit are exposed to solar irradiation, G$, in 
a direction 30° from the normal to the surfaces. 


FIND: Equilibrium temperature of each plate. 

SCHEMATIC: 



Gra) surface- = 

Coafing: oc^O.95-forO-\-Sjjm 
ck.^-0.05 for XyZ/xm 


ASSUMPTIONS: (1) Plates are at uniform temperature, (2) Surroundings are at OK, (3) Steady- 

state conditions, (4) Solar irradiation has spectral distribution of E^ ; b(X, 5800K), (5) Back side of plate 
is insulated. 


ANALYSIS: Noting that the solar irradiation is directional (at 30° from the normal), the radiation 
balance has the form 


oc§G§ cos9 — £ (T s ) = 0. 

(1) 

Using Eh (T s ) = o T 4 and solving for T s , find 


T s =[(a s /e)(G s cos0/o)] 1/4 . 

(2) 


For the gray surface, a$ = £ = ax and the temperature is independent of the magnitude of the 
absorptivity. 


^ 0.95 1353 W/m 2 x cos 30° N 

°- 95 5.67xlO -8 W/m 2 ■ K 4 


V 


/4 


= 379 K. 


J 


For the selective surface, = 0.95 since nearly all the solar spectral power is in the region X < 3pm. 


The value of £ depends upon the surface temperature T s and would be determined by the relation. 


£ -0.95 F(o^T s ) + 0 - 05 


1-F/ 


(0—>A,T S ) 


(3) 


where X = 3pm and T s is as yet unknown. To find T s , a trial-and-error procedure as follows will be 
used: (1) assume a value of T s , (2) using Eq. (3), calculate £ with the aid of Table 12.1 evaluating 
F(0 ->a,T) at A,T S = 3pmT s , (3) with this value of £, calculate T s from Eq. (2) and compare with 
assumed value of T s . The results of the iterations are: 


T S (K), assumed value 

633 

700 

666 

650 

655 

£, from Eq. (3) 

0.098 

0.125 

0.110 

0.104 

0.106 

T S (K), from Eq. (2) 

656 

629 

650 

659 

656 


Hence, for the coating, T s ~ 656K. 


< 


COMMENTS: Note the role of the ratio a s /£ in determining the equilibrium temperature of an 
isolated plate exposed to solar irradiation in space. This is an important property of the surface in 
spacecraft thermal design and analysis. 



PROBLEM 12.127 

KNOWN: Spectral, hemispherical emissivity distributions for two panels subjected to solar flux in the 
deep space environment. 

FIND: Steady-state temperatures of the panels. 



ASSUMPTIONS: (1) Surfaces are opaque and diffuse, (2) Panels are oriented normal to solar flux 
with backside insulated, (3) Steady-state conditions, (4) No convection. 

ANALYSIS: An energy balance on the panel is 

Oin - c lout = 0 

a S G S “ e E b ( T s ) = <Xs G s - eaT 4 = 0 

T s =[(a s /E)(G s /o)] 1/4 . 

For each panel determine a$ and e. Recognizing that ^ ~ b (A, 5800K), the solar absorptivity 
from Eq. 12.47 is 

J“eiE^ >b (V5800K) 

“ S " j^G^dX E b (5800K) 

Note that £ - k = op, since the surface is diffuse. Using Eq. 12.65 and Table 12.1 find 
Surface A: a s ~ e l ^(0^2pm) +e 2 l _ F(o->2pm) } AT =2x5800 = 11,600pm K, 

a s = 0.5 x 0.940+ 0.2 [l -0.940] =0.482} F(o^2pm) =0.940 



a s =0.11x0.979 +0.02[l-0.979] =0.108} AT =3 x 5800 = 17,400pm • K, 
SmfaCe B: ^O^m) = 0.979. 

To determine the total emissivity, we need to know T s . If T s < 400K, then for AT = 3 pm x 400K = 

1200K, Ffo_>/g = 0.002. That is, there is negligible power for A < 3 pm if T s < 400K, and hence 

Surface A: e = £2 = 0.2 Surface B: e ~e 2 = 0.02. 

Substituting the solar absorptivity and emissivity values, find 


Surface A: 


0.482 1353 W/nT 

-x- 

0- 20 5.67xlO 8 W/m“ • K 


= 499K 


Surface B: 


( 2 \ l/4 
0.108 1353 W/m“ 

-x- 

0- 02 5.67xl0“ 8 W/m 2 K 

v 7 


599K. 


< 


COMMENTS: (1) Note the assumption that T s < 400K used for finding e is not satisfied; for better 
precision, it is necessary to perform an iterative solution. (2) Note the importance of the a$/£ ratio 
which determines the surface temperature. 






PROBLEM 12.128 


KNOWN: Radiative properties and operating conditions of a space radiator. 
FIND: Equilibrium temperature of the radiator. 

SCHEMATIC: 



\ »/^s r 2000 wfm- 


T SlO c s =0S, £--0.95- 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible irradiation due to earth emission. 
ANALYSIS: From a surface energy balance, Ef n -Eg Ut = 0. 

qdis+«S G S -E = 0. 

Hence 


or 


T c = 


/ ,/ _ \1 / 4 

' qdis +«s G s ' 


£ 0 


1500W/m 2 +0.5xl000W/m 2 ^ 
0.95x5.67xlO -8 W/m 2 ■ K 4 


1/4 


T s = 439K. 


< 


COMMENTS: Passive thermal control of spacecraft is practiced by using surface coatings with 
desirable values of as and £. 



PROBLEM 12.129 


2 

KNOWN: Spherical satellite exposed to solar irradiation of 1353 m ; surface is to be coated with a 
checker pattern of evaporated aluminum film, (fraction, F) and white zinc-oxide paint (1 - F). 

FIND: The fraction F for the checker pattern required to maintain the satellite at 300 K. 

SCHEMATIC: 


EA S 


Spherical satellite 
T s = 300 K 



G s = 1353 W/m 2 


Al film, F, £f = 0.03, as,f = 0.09 
Paint, (1-F), s p = 0.85, as, p = 0.22 


ASSUMPTIONS: (1) Steady-state conditions, (2) Satellite is isothermal, and (3) No internal power 
dissipation. 

ANALYSIS: Perform an energy balance on the satellite, as illustrated in the schematic, identifying 
absorbed solar irradiation on the projected area, A p , and emission from the spherical area A s . 

^in ~ E ou t = o 

(F' a S,f + (l~F)'®S,p) ^S ^p ~ (F' e f + (^ — P)' e p) (T s ) A s = 0 

where Ap = kTT /4, A s = ;rD 2 , = oT 4 and cj = 5.67x 10"^ W/m 2 • K 4 . Substituting 

numerical values, find F. 

(F x 0.09 + (1 - F) x 0.22) x 1353 W / m 2 x (l / 4) 

- (F x 0.03 + (1 - F) x 0.85)a(300 K) 4 x 1 = 0 


F = 0.95 < 

COMMENTS: (1) If the thermal control engineer desired to maintain the spacecraft at 325 K, would 
the fraction F (aluminum film) be increased or decreased? Verify your opinion with a calculation. 

2 

(2) If the internal power dissipation per unit surface area is 150 W/m , what fraction F will maintain 
the satellite at 300 K? 



PROBLEM 12.130 

KNOWN: Inner and outer radii, spectral reflectivity, and thickness of an annular fin. Base temperature 
and solar irradiation. 

FIND: (a) Rate of heat dissipation if % =1, (b) Differential equation governing radial temperature 
distribution in fin if T| f <1. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional radial conduction, (3) Adiabatic tip and bottom 
surface, (4) Opaque, diffuse surface (= 1 - ). 


ANALYSIS: (a) If % = 1, T(r) = T b = 400 K across the entire fin and 
Of =[ eE b ( T b) _a S G s] 7rr o 

With XT = 2 pm x 5800 K - 11,600 pm-K, F ( o^m) = 0.941. Hence as = ai If 0->2pm) + 
a 2 1 - f^0—>2pm) = °- 2 x °- 941 + 0.9 x 0.059 = 0.241. With XT = 2 pm x 400 K - 800 pm-K, 
E (0->2pm) = 0 and £ = 0.9. Hence, for Gs = 0, 

q f = 0.9x5.67xl0 -8 w/m“-K 4 (400K) 4 7r(0.5m) 2 =1026W 
and for G s = 1000 W/m 2 , 

q f = 1026 W-0.24l(l000w/m 2 )^ (0.5m) 2 =(1026-189) W = 837 W 

(b) Performing an energy balance on a differential element extending from r to r+dr, we obtain 
q r -ragGs (27rrdr)-q r+c j r -E(27rrdr) = 0 

where 

q r =-k(dT/dr)27rrt and q r+c j r = q r + (dq r /dr)dr . 

Hence, 

a s G s (2;rrdr)-d[-k(dT/dr)27rrt]dr-E(27rrdr) = 0 


27rrtk-r 2;rtk-1- ctgGg 2 kx - E27rr = 0 

Hr 2 dr 


d T 1 dT 4 

——4-+agGs -eoT =0 

Hr 2 r dr 


< 

< 


COMMENTS: The radiator should be constructed of a light weight, high thermal conductivity material 
(aluminum). 







PROBLEM 12.131 


KNOWN: Rectangular plate, with prescribed geometry and thermal properties, for use as a radiator 
in a spacecraft application. Radiator exposed to solar radiation on upper surface, and to deep space 
on both surfaces. 

FIND: Using a computer-based, finite-difference method with a space increment of 0.1 m, find the 
tip temperature, Tl, and rate of heat rejection, qp when the base temperature is maintained at 80°C for 
the cases: (a) when exposed to the sun, (b) on the dark side of the earth, not exposed to the sun; and 
(c) when the thermal conductivity is extremely large. Compare the case (c) results with those 
obtained from a hand calculation assuming the radiator is at a uniform temperature. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (b) Plate-radiator behaves as an extended surface with 
one-dimensional conduction, and (c) Radiating tip condition. 

ANALYSIS: The finite-difference network with 10 nodes and a space increment Ax = 0.1 m is 
shown in the schematic below. The finite-difference equations (FDEs) are derived for an interior 
node (nodes 01 - 09) and the tip node (10). The energy balances are represented also in the schematic 
below where q a and q^ represent conduction heat rates, qg represents the absorbed solar radiation, and 
Orad represents the radiation exchange with outer space. 



Interior node 04 

^in - E ou t = 0 

qa+Ob+qS+Orad =0 

kA c ( t 03 - t 04 ) / Av + kA c (T 05 - T 04 ) / A* 

+cc s G s (P / 2)Ax + ePAxcr (t s 4 u1 . - T^ 4 ) = 0 

where P = 2W and A c = W t. 

Tip node 10 

qa+qs+qrad,l+qrad,2 =0 

kA c (To 9 -T 10 )/Ax + a s Gs (P/2) (Ax/2) 

+£ A c <7 ^T sur — T^q j + eP(Ax / 2)c^T sur - Tq 4 j = 0 


Continued 






PROBLEM 12.131 (Cont.) 


Heat rejection, qf. From an energy balance on the base node 00, 

qf +qoi+qs+‘lrad =° 

q f +kA c (Tqj -T 00 )/Ax + a s G s (P/2) (Ax/2) 

+ eP(Ax/2)<T(T s 4 ur -T 0 4 0 ) = 0 

The foregoing nodal equations and the heat rate expression were entered into the IHT workspace to 
obtain solutions for the three cases. See Comment 2 for the IHT code, and Comment 1 for code 
validation remarks. 


Case 

k( W/m-K) 

G s (W/m 2 ) 

T L (°C) 

qKW) 

a 

300 

1353 

30.5 

2766 

b 

300 

0 

-7.6 

4660 

c 

1 x 10 1Q 

0 

80.0 

9557 


COMMENTS: (1) Case (c) using the IHT code with k = 1 x 10*° W/m-K corresponds to the 
condition of the plate at the uniform temperature of the base; that is T(x) = T^. For this condition, the 
heat rejection from the upper and lower surfaces and the tip area can be calculated as 

^f.u = e<7 (^b — ^sur) [PL + A C ] 


q f ,u = 0-65 <7 (80 + 273)4 -4 4 W/m 2 [l2 + 6x0.012]m : 


q f , u = 9565 W / m 2 

Note that the heat rejection rate for the uniform plate is in excellent agreement with the result of the 
FDE analysis when the thermal conductivity is made extremely large. We have confidence that the 
code is properly handling the conduction and radiation processes; but, we have not exercised the 
portion of the code dealing with the absorbed irradiation. What analytical solution/model could you 
use to validate this portion of the code? 


(2) Selection portions are shown below of the IHT code with the 10-nodal FDEs for the temperature 
distribution and the heat rejection rate. 


// Finite-difference equations 
// Interior nodes, 01 to 09 

k * Ac * (TOO - T01) / deltax + k * Ac * (T02 - T01) / deltax + absS * GS * P/2 * deltax + eps * P * 
deltax * sigma * (Tsur A 4 - T01 A 4) = 0 


k * Ac * (T03 - T04) / deltax + k * Ac * (T05 - T04) / deltax + absS * GS * P/2 * deltax + eps * P * 
deltax * sigma * (Tsur A 4 - T04 A 4) = 0 


k * Ac * (T08 - T09) / deltax + k * Ac * (T10 - T09) / deltax + absS * GS * P/2 * deltax + eps * P * 
deltax * sigma * (Tsur A 4 - T09 A 4) = 0 

// Tip node 10 

k* Ac * (T09 - T10) / deltax + absS * GS * P/2 * (deltax / 2) + eps * P * (deltax / 2) * sigma * 
(Tsur A 4 - T10 A 4) - eps * Ac * sigma * (Tsur A 4 - T00 A 4) = 0 


// Rejection heat rate, energy balance on base node 

qf + k * Ac * (T01 - TOO) / deltax + absS * GS * (P/4) * (deltax 12) + eps * (P * deltax 12) * 
sigma * (Tsur A 4 - T00 A 4) = 0 


Continued 








PROBLEM 12.131 (Cont.) 


(3) To determine the validity of the one-dimensional, extended surface analysis, calculate the Biot 
number estimating the linearized radiation coefficient based upon the uniform plate condition, = 
80°C. 


Bi = h rac j (t / 2) / k 

hrad = «K T b + T sur ) (t 2 + T s 2 ur ) = EOT 2 = 2.25 W / m 2 ■ K 

Bi = 2.25 W / m 2 ■ K(0.012 m/ 2) / 300 W / m- K = 4.5 x 10~ 5 

Since Bi « 0.1, the assumption of one-dimensional conduction is appropriate. 



PROBLEM 12.132 


KNOWN: Directional absorptivity of a plate exposed to solar radiation on one side. 


FIND: (a) Ratio of normal absorptivity to hemispherical emissivity, (b) Equilibrium temperature of 
plate at 0° and 75° orientation relative to sun’s rays. 

SCHEMATIC: 




& 


ASSUMPTIONS: (1) Surface is gray, (2) Properties are independent of (|). 

ANALYSIS: (a) From the prescribed ae (0), a n = 0.9. Since the surface is gray, £q = ag. Hence 
from Eq. 12.36, which applies for total as well as spectral properties. 


pTC / 2 

£ = 2 £q cos 0 sin 0 d 0 = 2 
*'0 


0.9- 


sin 2 0 


sin 2 0 


71/3 

+ 0.1 
o 2 


|7t 12 


m /3 


£ = 2[0.9(0.375)+ 0.1(0.5 -0.375)] = 0.70. 


Hence 


^S_=—=1.286. 


£ 0.7 

(b) Performing an energy balance on the plate, 
(Xq q^cos0 - 2 eoT^ =0 


or 


«0 

2eo 


q^cos 0 


1/4 


Hence for 0 = 0°, ae = 0.9 and cos0 = 1, 


T s = 


0.9 


.2x0.7x5.67x10' 


1-8 


X1353 


1/4 


= 352K. 


For 0 = 75°, ae = 0.1 and cos0 = 0.259 

0.1 


.2x0.7x5.67x10' 


-8 


xl353x0.259 


1/4 


145K. 


COMMENTS: Since the surface is not diffuse, its absorptivity depends on the directional distribution 
of the incident radiation. 



PROBLEM 12.133 


KNOWN: Transmissivity of cover plate and spectral absorptivity of absorber plate for a solar 
collector. 

FIND: Absorption rate for prescribed solar flux and preferred absorber plate coating. 

SCHEMATIC: 




T--0.76 

^lOOOW/m* 



Coating 


B 



ASSUMPTIONS: (1) Solar irradiation of absorber plate retains spectral distribution of blackbody at 
5800K, (2) Coatings are diffuse. 

ANALYSIS: At the absorber plate we wish to maximize solar radiation absorption and minimize 
losses due to emission. The solar radiation is concentrated in the spectral region X < 4pm, and for a 
representative plate temperature of T < 350K, emission from the plate is concentrated in the spectral 
region X > 4pm. Hence, 

Coating A is vastly superior. < 

With G>, $ ~ E;, j-> (5800K), it follows from Eq. 12.47 
a A -0-85 F(Q_ 4 p m ) +0.05 f^ 4 p m -oo). 

From Table 12.1, XT = 4pm x 5800K = 23,200pm K, 

F(0-4pm) -0-99. 

Hence 


a A = 0.85 (0.99) +0.05(1-0.99) - 0.85. 

With Gs = 1000 W/m” and x = 0.76 (Ex. 12.9), the absorbed solar flux is 
G s ,abs =«a( xG s)= 0.85(0.76x1000 W/m 2 ) 

G S,abs = 646 W / m 2 . < 

COMMENTS: Since the absorber plate emits in the infrared (X > 4pm), its emissivity is £ 4 ~ 0.05. 
Hence (a/e )a = 17. A large value of a/£ is desirable for solar absorbers. 



PROBLEM 12.134 


KNOWN: Spectral distribution of coating on satellite surface. Irradiation from earth and sun. 

FIND: (a) Steady-state temperature of satellite on dark side of earth, (b) Steady-state temperature on 
bright side. 

SCHEMATIC: 


0.6 

oc x 0.3h 




^ 6^=340 VI/tti z 

o 


D 


■ Ge=1353Vl/m z 


ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, diffuse-gray surface behavior, (3) 

Spectral distributions of earth and solar emission may be approximated as those of blackbodies at 280K 
and 5800K, respectively, (4) Satellite temperature is less than 500K. 

ANALYSIS: Performing an energy balance on the satellite, 

Ein ~ E out =0 


begD 2 /4j + asGs^ D 2 /4j-£oT s 4 ^ D 2 j = 0 


/ r . „ 4/4 
«E G E + a S G S ' 

48 0 


From Table 12.1, with 98% of radiation below 3pm for AT = 17,400pmK, 

a§ = 0.6. 

With 98% of radiation above 3pm for AT = 3pm x 500K = 1500pmK, 

£ ~ 0.3 dtp; ~ 0.3. 

(a) On dark side, 


T s = 


'« e g e a1/4 f 


4eg 


J 


0.3x340W/m 


4x 0.3x 5.67x 10 -8 W / m 2 ■ K 4 


/4 


T s =197 K. 
(b) On bright side, 


q E g e +«S g S 
4 eo 


0/4 f 


0.3x340 W/m +0.6xl353W/m 
4x0.3x5.67xl0 -8 W/m 2 ■ K 4 


2 A 


1/4 


T s = 340K. 



PROBLEM 12.135 


KNOWN: Space capsule fired from earth orbit platform in direction of sun. 

FIND: (a) Differential equation predicting capsule temperature as a function of time, (b) Position of 
capsule relative to sun when it reaches its destruction temperature. 

SCHEMATIC: 


r /l< 


T(0)=T; =ZO°C 


V-HpoO*r/^=^> 

r -<H— „ 

r e =l.SxlO U m 
& se -1353 W/m z 



ASSUMPTIONS: (1) Capsule behaves as lumped capacitance system, (2) Capsule surface is black, 
(3) Temperature of surroundings approximates absolute zero, (4) Capsule velocity is constant. 

ANALYSIS: (a) To find the temperature as a function of time, perform an energy balance on the 
capsule considering absorbed solar irradiation and emission, 

Ein-Eout=Est G s TtR 2 -oT 4 -47tR 2 = pc(4/3)7tR 3 (dT/dt). (1) 

2 2 

Note the use of the projected capsule area (TtR ) and the surface area (4 ti R ). The solar irradiation 
will increase with decreasing radius (distance toward the sun) as 

GsW = Gs, e (r e /r) 2 =G s , e ( % /( % -Vt)) 2 =G s , e (l/(l-Vt/ % )) 2 (2) 


where r e is the distance of earth orbit from the sun and r = r e - Vt. Hence, Eq. (1) becomes 

.4 


dT _ 

3 


G S ,e 

dt 

pcR 

.4(1 

-Vt/r e ) 2 

The rate of temperature change is 

dT _ 



3 


-oT 


dt |4xl0 6 J/m 3 ■ Kxl.5m 


1353 W/m" 


4(l-16xl0 3 m/sxt/1.5xl0 n m) Z 


-of 


— =1.691xl0 -4 
dt 


.835x10 _14 T 4 


(l-1.067 xl0 _7 t) ^- 2.1 

where T[K] and t(s). For the initial condition, t = 0, with T = 20°C = 293K, 


— (0) = -3.984xl(T 5 K/s. 
dt 


That is, the capsule will cool for a period of time and then begin to heat. 

(b) The differential equation cannot be explicitly solved for temperature as a function of time. Using a 
numerical method with a time increment of At = 5 x l() 5 s, find 


T(t) =150°C =423 K at t=5.5xl0 6 s. < 

3 6 

Note that in this period of time the capsule traveled (r e - r) = Vt = 16 x 10' m/s x 5.5 x 10 = 1.472 x 
IQ 10 m. That is, r = 1.353 x 10* 1 m. 



PROBLEM 12.136 


KNOWN: Dimensions and spectral absorptivity of radiator used to dissipate heat to outer space. 
Radiator temperature. Magnitude and direction of incident solar flux. 

FIND: Power dissipation within radiator. 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss through sides and bottom of 
compartment, (3) Opaque, diffuse surface. 

ANALYSIS: Applying conservation of energy to a control surface about the compartment yields 

Ein + E g = Eout 

Eg = (eoTp -aG s |a. 

The emissivity can be expressed as 

e=I 0 ° O ex(Ex,b/Eb)dX=£i F(0 ^ i) +£ 2F(Xi ^ oo) . 

From Table 12.1: U,T = 1000 pm-K -> =0.000321 

£ = 0.2 (0.000321) +0.8 (1-0.00321) = 0.8. 

The absorptivity can be expressed as 


« = | 0 “«A (G),/G)ca = J“ax [E A-b (5800 K)/E b (5800 K)]dV 
From Table 12.1: ?qT = 11,600 ftm ■ K —» F(q ^) = 0.941, 
a = 0.2 (0.941) + 0.8 (0.059) = 0.235. 


Hence, 


E„ = 


0.8 X5.67 xlO -8 W / m 2 ■ K 4 x(500 K) 4 -0.235 cos30°(l350 W / m 2 ) 


1 


E a =2560 W. 


COMMENTS: Solar irradiation and plate emission are concentrated at short and long wavelength 
portions of the spectrum. Hence, a + £ and the surface is not gray for the prescribed conditions. 



PROBLEM 12.137 


2 

KNOWN: Solar panel mounted on a spacecraft of area 1 m having a solar-to-electrical power 
conversion efficiency of 12% with specified radiative properties. 

FIND: (a) Steady-state temperature of the solar panel and electrical power produced with solar 
2 

irradiation of 1500 W/m . (b) Steady-state temperature if the panel were a thin plate (no solar cells) 
with the same radiative properties and for the same prescribed conditions, and (c) Temperature of the 
solar panel 1500 s after the spacecraft is eclipsed by the earth; thermal capacity of the panel per unit 
area is 9000 J/m“K. 

SCHEMATIC: 



ASSUMPTIONS: (1) Solar panel and thin plate are isothermal, (2) Solar irradiation is normal to the 
panel upper surface, and (3) Panel has unobstructed view of deep space at 0 K. 

ANALYSIS: (a) The energy balance on the solar panel is represented in the schematic below and has 
the form 

Pin — ^out = 0 

ttS^s ' Ap — (£ a + e b) (T S p)' Ap — Pelec = 0 (1) 

4 -8 2 4 

where E]-, (T) = aT , a = 5.67 x 10 W/m K , and the electrical power produced is 

Pelec = e Ajs ' Ap (2) 

Pelec =012xi500 W/m 2 xl m 2 =180 W < 

Substituting numerical values into Eq. (1), find 

0.8 x 1500 W / m 2 x 1 m 2 - (0.8 + 0.7)oT s 4 p x 1 m 2 -180 W = 0 

T sp = 330.9 K = 57.9°C < 


EA p \ 1 Gs.absAp 



(a) Solar panel 





(b) The energy balance for the thin plate shown in the schematic above follows from Eq. (1) with 
Pelec = 0 yielding 

0.8 x 1500 W / m 2 x /m 2 - (0.8 + 0.7)oT 4 x 1 m 2 = 0 (3) 

T p =344.7 K = 71.7° C < 

Continued. 












PROBLEM 12.137 (Cont.) 


(c) Using the lumped capacitance method, the energy balance on the solar panel as illustrated in the 
schematic below has the form 

Ein — E out = E st 

-(£a+£bKT s 4 p-A p =TC'-A p _i (4) 

where the thermal capacity per unit area is TC" = ^Mc / Ap j = 9000 J / nU ■ K. 

Eq. 5.18 provides the solution to this differential equation in terms of t = t (Tj, T sp ). Alternatively, 
use Eq. (4) in the IHT workspace (see Comment 4 below) to find 

T sp (l500s) = 242.6 K =-30.4° C < 



/ ( c ) Transient energy balance 

COMMENTS: (1) For part (a), the energy balance could be written as 
Ein - E OU ( + Eg = 0 

where the energy generation term represents the conversion process from thermal energy to electrical 
energy. That is, 

Eg = -e 'Gs ■ Ap 

(2) The steady-state temperature for the thin plate, part (b), is higher than for the solar panel, part (a). 
This is to be expected since, for the solar panel, some of the absorbed solar irradiation (thermal 
energy) is converted to electrical power. 

(3) To justify use of the lumped capacitance method for the transient analysis, we need to know the 
effective thermal conductivity or internal thermal resistance of the solar panel. 

(4) Selected portions of the IHT code using the Models Lumped I Capacitance tool to perform the 
transient analysis based upon Eq. (4) are shown below. 

// Energy balance, Model \ Lumped Capacitance 

/ * Conservation of energy requirement on the control volume, CV. * / 

Edotin - Edotout = Edotst 
Edotin = 0 

Edotout = Ap * (+q”rad) 

Edostat = rhovolcp * Ap * Der(T,t) 

// rhovolcp = rho * vol * cp // thermal capacitance per unit area, J/m A 2-K 

// Radiation exchange between Cs and large surroundings 

q”rad = (eps_a + eps_b) * sigma * (T A 4 - Tsur A 4) 

sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2-K A 4 

// Initial condition 

// Ti = 57.93 + 273 = 330.9 // From part (a), steady-state condition 

T_C = T - 273 







PROBLEM 12.138 


KNOWN: Effective sky temperature and convection heat transfer coefficient associated with a thin 
layer of water. 


FIND: Lowest air temperature for which the water will not freeze (without and with evaporation). 


SCHEMATIC: 

T m - 

p =lafm - 

h=Z5W/m z -K 

0oo~ O 





ASSUMPTIONS: (1) Steady-state conditions, (2) Bottom of water is adiabatic, (3) Heat and mass 
transfer analogy is applicable, (4) Air is dry. 

PROPERTIES: Table A-4, Air (273 K, 1 atm): p = 1.287 kg/m 3 , c p = 1.01 kJ/kg-K, v = 13.49 x 
10 6 m7s, Pr = 0.72; Table A-6, Saturated vapor (T s = 273 K): p a = 4.8 x 10 3 kg/m 3 , hf g = 2502 
kJ/kg; Table A-8, Vapor-air (298 K): D AB - 0.36 x 10' 4 m 2 /s, Sc = v/D AB = 0.52. 

ANALYSIS: Without evaporation, the surface heat loss by radiation must be balanced by heat gain 
due to convection. An energy balance gives 

c lconv = C 1 rad or h (Too - T s ) = £ S G |t s - T^ j. 


At freezing, T s = 273 K. Hence 


T DO =T s +^(T s 4 -T s 4 ky | = 273 K + 


5.67x10 8 W/m 2 • K 4 


25W/m z K 


274 4 - 243 4 


K 4 =4.69°C. 


With evaporation, the surface energy balance is now 

Oconv =c levap + c lrad or h(Too - T s ) = h m Pa, sat (Ts) - PA,°° ]^fg + e s° (t s -T^ j. 

T«. = T s + ^ p A ,s at ( T s) h fg + ^ ( T S 4 - tly) • 

Substituting from Eq. 6.92, with n = 0.33, 


h„ / h = 


(p c p^ 0 ' 67 ) 


P C P ( Sc/Pr) 


0.67 


1.287 kg/m 3 xlOlOJ/kg • K( 0.52/0.72)° 6? 


9.57x10 4 m 3 -K/J, 


T^ = 273K + 9.57xl0 _4 m 3 K/Jx4.8xl0 _3 kg/m 3 x2.5xl0 6 J/kg + 4.69 K = 16.2°C. < 

COMMENTS: The existence of clear, cold skies and dry air will allow water to freeze for ambient 
air temperatures well above 0°C (due to radiative and evaporative cooling effects, respectively). The 

lowest air temperature for which the water will not freeze increases with decreasing (j)^, decreasing 
T sky and decreasing h. 




PROBLEM 12.139 


KNOWN: Temperature and environmental conditions associated with a shallow layer of water. 
FIND: Whether water temperature will increase or decrease with time. 

SCHEMATIC: 

E\ I Gg300W/m* 

& s =600\N/m\ \ | f?'^ p h--ZSWjm^K,T^Z'J°C,0 cc =OS 

t __ _ £ = 0.97 

^ }}>})>))}}»}})))))>)}»>))>>»>))))))})}))))}))) 


ASSUMPTIONS: (1) Water layer is well mixed (uniform temperature), (2) All non-reflected 
radiation is absorbed by water, (3) Bottom is adiabatic, (4) Heat and mass transfer analogy is 
applicable, (5) Perfect gas behavior for water vapor. 

PROPERTIES: Table A-4, Air (T = 300 K, 1 atm): p a = 1.161 kg/m 3 , c p a = 1007 J/kg-K, Pr = 
0.707; Table A-6 , Water (T = 300 K, 1 atm): p w = 997 kg/m 3 , c p . w = 4179 J/kg-K; Vapor (T = 300 K, 
1 atm): PA.sat = 0.0256 kg/m 3 , hf g = 2.438 x 10 6 J/kg; Table A-8, Water vapor-air (T = 300 K, 1 atm): 
Dab ~ 0-26 x 10 4 m7s; with v a = 15.89 x 10 6 m7s from Table A-4, Sc = v a /DAB = 0-61- 


ANALYSIS: Performing an energy balance on a control volume about the water, 
E s t = (G S ,abs+ G^^abs _ E -q eva pj A 


d (Pw c p,wGAT w j 


dt 


(l Ps )Gs + (1 Pa)G A £gT w h m hfg(p A sa j Pa,°°) 


A 


or, with T ot = T w , p A ,oo = PocPA.sat and 

ciTT 

Pw c p,wE ^ = (i _ Ps)Gs+(l~P A ) G A -60 T w -h m hfg (l-^oo) PA,sat- 
From Eq. 6.92, with a value of n = 1/3, 


h 


m 



1-n 


h 

P a c p,a(Sc/Pr) 1_n 


25W/m 2 -K(0.707) 2/3 
1.161kg/m 3 xl007J/kg-K(0.6l) 2/3 


= 0.0236m/s. 


Hence 

Pw c p , w L ^2 = ( 1 - 0.3) 600+(1 - 0) 300 - 0.97 x 5.67 x 10 -8 (300) 4 
-0.0236X 2.438X10 6 (l - 0.5)0.0256 
p w c p , w L^v = (420 + 300-445-736) W/m 2 =-461W/m 2 . 

Hence the water will cool. < 


COMMENTS: (1) Since T w = for the prescribed conditions, there is no convection of sensible 
energy. However, as the water cools, there will be convection heat transfer from the air. (2) If L = 
lm, (dT w /dt) = -461/(997 x 4179 x 1) = -1.11 x 10' 4 K/s. 





PROBLEM 12.140 


KNOWN: Environmental conditions for a metal roof with and without a water film. 
FIND: Roof surface temperature (a) without the film, (b) with the film. 


SCHEMATIC: 



^sky- I® C 

T»^0°C 

h=20W/m*K 

00,-0.65 


& s =700\Nf\ 



(with film) 


Metal roof: 
o<2= 0.50, £= 0.3 

Water film : 
oc.r-O.Q, £=0.9 


ASSUMPTIONS: (1) Steady-state conditions, (2) Diffuse-gray surface behavior in the infrared (for 
the metal, cx s i <y = e = 0.3; for the water, a s k y = e = 0.9), (3) Adiabatic roof bottom, (4) Perfect gas 
behavior for vapor. 

PROPERTIES: Table A-4, Air (T « 300 K): p = 1.16 kg/m 3 , c p = 1007 J/kg-K, a = 22.5 x 10' 6 
m7s; Table A-6, Water vapor (T ~ 303 K): v g = 32.4 rhVkg or Pa, sat = 0.031 kg/m 3 ; Table A-8, 
Water vapor-air (T = 298 K): Dab = 0.26 x 10 4 m7s. 

ANALYSIS: (a) From an energy balance on the metal roof 
+ ^skyGsky = E+ q conv 

0.5(700 W/m 2 ) + 0.3x5.67xl0“ 8 W/m 2 -K 4 (263 K) 4 

= 0.3x5.67xl0“ 8 W/m 2 • K 4 (t 4 )+20 W/m 2 -K(T s -303 K) 


43 lW/m 2 =1.70x10 8 T 4 + 20 (T s -303). < 

From a trial-and-error solution, T s = 316.1 K = 43.1°C. 

(b) From an energy balance on the water film, 
a sOyS +ot skyE'sky = E + q C onv + 4 evap 


0.8 (700 W/m 2 ) + 0.9x5.67xl0 8 W/m 2 K 4 (263 K) 4 =0.9x5.67x10 8 W/m 2 • K 4 (if ) 

+20 W / m 2 • K(T S -303) + h m (p A sat (T s )-0.65x0.03 lkg/m 3 )h fg . 

From Eq. 6.92, assuming n = 0.33, 


h m =' 


pc„Le 


0.67 


20 W / m‘ ■ K 


pc p (a/D^) 


0.67 


WB/ 1.16 kg/m J x 1007 J/kg• k( 0.225x 10 "/0.260x10 

804 W / m 2 = 5.10X10 -8 T s 4 +20(T S -303) + 0.019[p A5Sat (T s ) -0.020] hf g . 


_-4 




0.67 


= 0.019m/s. 


From a trial-and-error solution, obtaining p A sa t (T s ) and hf g from Table A-6 for each assumed value of 
T s , it follows that 


T s =302.2 K=29.2°C. < 

COMMENTS: (1) The film is an effective coolant, reducing T s by 13.9°C. (2) With the film E ~ 425 
W/m”, qc 0 nv ~ -16 W/m” and qevap ~ 428 W/m. 



PROBLEM 12.141 

KNOWN: Solar, sky and ground irradiation of a wet towel. Towel dimensions, emissivity and solar 
absorptivity. Temperature, relative humidity and convection heat transfer coefficient associated with 
air flow over the towel. 

FIND: Temperature of towel and evaporation rate. 


SCHEMATIC: 


G s = 900 W/m 2 
G sky = 200 W/m 2 






Too = 300 K 
h = 20 W/m 2 -K 

4*oo - o 


9evap 

ticonv 


G g = 250 W/m 2 


x Ots = 0.65, £ = 0.96 
Towel < L = 1 £ 


.50 m, W = 0.75 m 


Gsky = 200 W/m 2 


9evap 

9conv 


Gg = 250 W/m 2 


ASSUMPTIONS: (1) Steady-state, (2) Diffuse-gray surface behavior of towel in the infrared (a sk y = 
a g = £ = 0.96), (3) Perfect gas behavior for vapor. 

PROPERTIES: Table A-4 , Air (T - 300 K): p = 1.16 kg/m 3 , c p = 1007 J/kg-K, a = 0.225 x 10" 4 
m”/s; Table A-6, Water vapor (Too = 300 K): Pa, sat = 0.0256 kg/m 3 ; Table A-8, Water vapor/air (T = 
298 K): D ab = 0.26 x 10~ 4 m 2 /s. 


ANALYSIS: From an energy balance on the towel, it follows that 
O-S^S ^^skyC*sky + 2(XgGg = 2E + 2q eva p + 2q conv 

0.65x900W/m 2 +2x0.96x200 W/m 2 x2x0.96x250 W/m 2 

= 2 x 0.96 crT s 4 + 2n A h fg + 2h (T s - ) 

where n A = hm[PA,sat (T s ) —0oo PA.sat (Too)] 

From the heat and mass transfer analogy, Eq. 6.67, with an assumed exponent of n = 1/3, 


(1) 


20 W/m z ■ K 


‘m 


2/3 

p c p (a / d ab ) 1.16kg/m 3 (1007 J/kg-K) 


0.225 

0.260 


\2/3 


:0.0189 m/s 


3 6 

From a trial-and-error solution, we find that for T s = 298 K, Pa, sat = 0.0226 kg/m , hf a = 2.442 X 10 
J/kg and = 1.380 X 10 kg/s-m”. Substituting into Eq. (1), 


(585 + 384 + 480)W/m 2 = 2x0.96x5.67xl0“ 8 W/m 2 ■ K 4 (298 K) 
+2xl.380xl0“ 4 kg/s-m 2 x2.442xl0 6 J/kg 
+2x20 W/m 2 -K(-2 K) 

1449W/ m 2 = (859+ 674-80) W/m 2 =1453W/m 2 

The equality is satisfied to a good approximation, in which case 


4 


T s ~ 298 K = 25°C < 

and n A =2A s n'X =2(l.50x0.75)m 2 (l.38xl0 _4 kg/s-m 2 ) = 3.11xl0“ 4 kg/s < 

COMMENTS: Note that the temperature of the air exceeds that of the towel, in which case 
convection heat transfer is to the towel. Reduction of the towel’s temperature below that of the air is 
due to the evaporative cooling effect. 





PROBLEM 12.142 


KNOWN: Wet paper towel experiencing forced convection heat and mass transfer and irradiation from 
radiant lamps. Prescribed convection parameters including wet and dry bulb temperature of the air 
stream, T wb and T^, average heat and mass transfer coefficients, h and h m . Towel temperature T s . 


FIND: (a) Vapor densities, p A s and p A ; the evaporation rate n A (kg/s); and the net rate of radiation 
transfer to the towel q ra d (W); and (b) Emissive power E, the irradiation G, and the radiosity J, using the 
results from part (a). 


SCHEMATIC: 

Radiant lamp 
irradiation, G 


^ = T wb = 290 K -► 

h = 28.7 W/m 2 -K 

h m = 0.027 m/s X!,!,!,!,!,!,!,!, 

/'<■ '<■ '<■ v v v 

ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss from the bottom side of the 
towel, (3) Uniform irradiation on the towel, and (4) Water surface is diffuse, gray. 


i~ 'i~ 


7~ s = 310 K, p A s 
8 = 0.96 

Water-soaked 
towel, 92.5 x 92.5 mm 



PROPERTIES: Table A.6, Water (T s = 310 K): h fg = 2414 kJ/kg. 


ANALYSIS: (a) Since T wb = , the free stream contains water vapor at its saturation condition. The 

water vapor at the surface is saturated since it is in equilibrium with the liquid in the towel. From Table 
A.6, 

T (K) _ v g (mVkg) _ p g (kg/m 3 ) 

T^ = 290 69.7 p Aoo = 1.435x 10 2 

T s = 310 22.93 p As =4.361x10 2 

Using the mass transfer convection rate equation, the water evaporation rate from the towel is 


= h m A s (p A .s -Pa,oo) = 0.027m/s (0.0925m) 2 (4.361 -1.435)xl0 2 kg 


m =6.76x10 6 kg/s 


To determine the net radiation heat rate q* ad , perform an 
energy balance on the water film, 

Ejn — E out — 0 4 rad — 4cv ~ Oevap — ^ 

4rad — 9cv + Oevap — A s (T s — T^ ) + n A hfg 


q rad 


1 evap 


l 


r T s’P a,s 


77777777777777777 




and substituting numerical values find 

q rad = 28.7 w/m 2 - K (0.0925 m) 2 (310 - 290) K + 6.76x 10“ 6 kg/sx 2414x 10 3 j/kg 


9rad = (4.9 1 + i 6.32 )W = 2L2 W < 

(b) The radiation parameters for the towel surface are now evaluated. The emissive power is 

E = eE b (T s ) = £cjT s 4 =0.96x5.67xl0“ 8 w/m 2 K 4 (310K) 4 =502.7 w/m 2 < 

To determine the irradiation G, recognize that the net radiation heat rate can be expressed as, 

qrad =(«G — E)A S 21.2 W = (0.96G-502.7) w/m 2 x(0.0925m) 2 G = 3105W/m 2 < 
where a = £ since the water surface is diffuse, gray. From the definition of the radiosity, 

J =E + pG = [502.7 + (l-0.96)x3105]w/m 2 =626.9w/m 2 < 

where p = 1 - a = 1 - £. 

COMMENTS: An alternate method to evaluate J is to recognize that q^ ad = G - J. 






PROBLEM 13.1 


KNOWN: Various geometric shapes involving two areas A | and A 2 . 

FIND: Shape factors, F 12 and F 21 , for each configuration. 

ASSUMPTIONS: Surfaces are diffuse. 

ANALYSIS: The analysis is not to make use of tables or charts. The approach involves use of the 
reciprocity relation, Eq. 13.3, and summation rule, Eq. 13.4. Recognize that reciprocity applies to two 
surfaces; summation applies to an enclosure. Certain shape factors will be identified by inspection. 
Note L is the length normal to page. 

By inspection, Fj 2 =l -0 < 

A A> 2RL 4 ^ 

By reciprocity, F 2 1 =-R 2 =-x 1.0 = — = 0.424 V, 

A 2 (3/4) • 27TRL 3k 


(a) Long duct (L): 

R- 





(b) Small sphere, A 1 , under concentric hemisphere, A 2 , where A 2 = 2A 


tST 


Summation rule Iqi + Fq 2 + ^13 = 1 

But Fj 2 = F 13 by symmetry, hence Fi 2 = 0-50 

A, A, 

By reciprocity, F 21 =-Iq 2 = ——x0.5 = 0.25. 

A 2 2Aj 


< 

< 


(c) Long duct (L): 



By inspection, 

Il2=l-0 

(d) Long inclined plates (L): 



k— 2.0cm —>1 


By reciprocity, 
Summation rule, 


< 

A, 2RL 2 . 

F 21=— F 12= -xl.O = — = 0.637 < 

A 2 ttRL n 

F 22 =!-F 2 i = 1 -0.6 4 = 0.3 6 3. < 


Summation rule, Fqi + Fq 2 +Ll 3 = 1 

But Fj 2 = F 13 by symmetry, hence Fi 2 = 0.50 < 

A, 20L . 

By reciprocity, F 21 =-F^ ? =-x0.5 = 0.707. < 

A 2 " 10(2) 1/2 L 


(e) Sphere lying on infinite plane 

/A 3 Summation rule, 


A 




Fn + Fi 2 + F13 = 1 




But Fj 2 = F 13 by symmetry, hence Fj 2 = 0.5 

A 


By reciprocity, 


F 21 =-lq 2 0 since A 2 —> °°. 

A 2 


< 

< 


Continued 




PROBLEM 13.1 (Cont.) 


(f) Hemisphere over a disc of diameter D/2; find also F 22 and F 23 . 



D/ 2 —k-M 


By inspection, F 12 = 1.0 
Summation rule for surface A 3 is written as 
*3l + f ^2 + f 33 = !• Hence, F^ 2 =L0. 


< 


By reciprocity, 


By reciprocity, 


F23 = —— F32 

a 2 32 


^23 = 


kD 2 tz {DI if 


,nlY 


1.0 = 0.375. 


F21 = —— F |2 = 

A 2 


D 

~2 


2 ; K D 2 


xl.O = 0.125. 


Summation rule for A 2 , F 2 ] + F 22 + F 22 = 1 or 


< 


F22 = 1 — ^21 — ^23 = 1 — 0.125 — 0.375 = 0.5. < 


Note that by inspection you can deduce F 22 = 0.5 


(g) Long open channel (L): 

k —Zm H 

^2 


7m 

ft 1 


JlL 


Summation rule for Aj 
Hi 1 + F i 2 +I l3 =0 


but F 12 = F 13 by symmetry, hence F 12 = 0.50. ■< 

Ai 2xL 4 

By reciprocity, F 71 =—-fi 2 =7 ---= —x0.50 = 0.637. 

A 2 (27rl) / 4xL n 

COMMENTS: (1) Note that the summation rule is applied to an enclosure. To complete the 
enclosure, it was necessary in several cases to define a third surface which was shown by dashed 
lines. 


(2) Recognize that the solutions follow a systematic procedure; in many instances it is possible to 
deduce a shape factor by inspection. 



PROBLEM 13.2 


KNOWN: Geometry of semi-circular, rectangular and V grooves. 

FIND: (a) View factors of grooves with respect to surroundings, (b) View factor for sides of V 
groove, (c) View factor for sides of rectangular groove. 

SCHEMATIC: 



ASSUMPTIONS: (1) Diffuse surfaces, (2) Negligible end effects, “long grooves”. 

ANALYSIS: (a) Consider a unit length of each groove and represent the surroundings by a 
hypothetical surface (dashed line). 

Semi-Circular Groove: 


% = i; 



w 

(ttW/2) 


xl 


Rectangular Groove: 
F 4(l,2,3) =1 ; 


V Groove: 

F 3(l,2) =1 ; 


(b) FromEqs. 13.3 and 13.4, 


Fi 2 = 2/7T. 

c A 4 w 

(i,2,3)4 Ai+A2+A3 4(1,2,3) H + W + R X 

F (1,2,3)4= W /(W + 2H). 

p x _ A 3 W 

A 1 ’ 2 ) 3 Ai+A2 F 3(12) w/2 + W/2 

sin 6 sin 6 

F (l,2)3 =sin0 - 

% =1_F 13 = ^ _ "T^" F 31- 
A 1 


From Symmetry, 


131 = 1 / 2 . 


Hence, F [2 = 1 — 


W ^ 1 
(W/2)/sin0 X 2 


or 


F [2 = 1 -sin 6. 


(c) From Fig. 13.4, with X/L = H/W =2 and Y/L -» 

Il2 =0.62. 


< 


< 


< 


< 


COMMENTS: (1) Note that for the V groove, F 13 = F 23 = Fq 2)3 = sin0, (2) In part (c), Fig. 13.4 
could also be used with Y/L = 2 and X/L = 00 . However, obtaining the limit of Fy as X/L —> 00 from 
the figure is somewhat uncertain. 



PROBLEM 13.3 


KNOWN: Two arrangements (a) circular disk and coaxial, ring shaped disk, and (b) circular disk 
and coaxial, right-circular cone. 

FIND: Derive expressions for the view factor Fj 2 for the arrangements (a) and (b) in terms of the 
areas Ai and Ki, and any appropriate hypothetical surface area, as well as the view factor for coaxial 
parallel disks (Table 13.2, Figure 13.5). For the disk-cone arrangement, sketch the variation of Fj 2 
with 0 for 0 < 0 < ji/ 2 , and explain the key features. 

SCHEMATIC: 



ASSUMPTIONS: Diffuse surfaces with uniform radiosities. 

ANALYSIS: (a) Define the hypothetical surface A 3 , a co-planar disk inside the ring of A\. Using 
the additive view factor relation, Eq. 13.5, 

A (l,3) F (l,3) = A 1 F 12 + A 3 F 32 

F 12=^- [ A (1,3) F (1,3)- A 3 F 32] < 

where the parenthesis denote a composite surface. All the Fy on the right-hand side can be evaluated 
using Fig. 13.5. 

(b) Define the hypothetical surface A 3 , the disk at the bottom of the cone. The radiant power leaving 
A 2 that is intercepted by Aj can be expressed as 

% = % (!) 

That is, the same power also intercepts the disk at the bottom of the cone, A 3 . From reciprocity, 

A 1 F 12 =A 2 F 21 ( 2 ) 

and using Eq. (1), 

F 12 F 23 < 

The variation of F 12 as a function of 0 is shown below for the disk-cone arrangement. In the limit 
when 0 —> 7t/2, the cone approaches a disk of area A 3 . That is, 

F 12 (0 -» n / 2) = F 13 

When 0 —> 0, the cone area A 2 diminishes so that 
F12 (0 —> 0) = 0 










PROBLEM 13.4 


KNOWN: Right circular cone and right-circular cylinder of same diameter D and length L 
positioned coaxially a distance L 0 from the circular disk A|; hypothetical area corresponding to the 
openings identified as A 3 . 

FIND: (a) Show that F 21 = (A 1 /A 2 ) F 13 and F 22 = 1 - (A 3 /A 2 ), where F 13 is the view factor between 
two, coaxial parallel disks (Table 13.2), for both arrangements, (b) Calculate F 21 and F 22 for L = L 0 = 
50 mm and Dj = D 3 = 50 mm; compare magnitudes and explain similarities and differences, and (c) 

Magnitudes of F 21 and F 22 as L increases and all other parameters remain the same; sketch and 
explain key features of their variation with L. 

SCHEMATIC: 



( a ) Right-circular cone (b) Right-circular cylinder 


ASSUMPTIONS: (1) Diffuse surfaces with uniform radiosities, and (2) Inner base and lateral 


surfaces of the cylinder treated as a single surface, A 2 . 

ANALYSIS: (a) For both configurations, 

F 13 = F 12 (1) 

since the radiant power leaving A] that is intercepted by A 3 is likewise intercepted by A 2 . Applying 
reciprocity between Aj and A 2 , 

A 1 F[2 = A2 F21 (2) 

Substituting from Eq. (1), into Eq. (2), solving for F 21 , find 

% = ( A 1 /A 2) F 12 =( A 1 /A 2) F 13 < 

Treating the cone and cylinder as two-surface enclosures, the summation rule for A 2 is 

^22 + ^23 = 1 ( 3 ) 

Apply reciprocity between A 2 and A 3 , solve Eq. (3) to find 

F 22 = 1 “ F 23 = 1_ ( A 3 /A 2) F 32 
and since F 32 = 1, find 

F22 =1_A 3 /A 2 < 

Continued. 








PROBLEM 13.4 (Cont.) 

(b) For the specified values of L, L 0 , Dj and D 2 , the view factors are calculated and tabulated below. 
Relations for the areas are: 

1/2 

Disk-cone: = K Df /4 A 2 = 7Z D 3 / 2^L~ + (D 3 / 2j^ 1 A 3 = K D 3 / 4 

Disk-cylinder: A^=^Dj"/4 A 2 = /4 + 7 TD 3 L A 3 =kT)i > ! 4 


The view factor F 13 is evaluated from Table 13.2, coaxial parallel disks (Fig. 13.5); find F 13 = 0.1716. 

F21 p 22 

Disk-cone 0.0767 0.553 

Disk-cylinder 0.0343 0.800 

It follows that F 21 is greater for the disk-cone (a) than for the cylinder-cone (b). That is, for (a), 
surface A 2 sees more of A 1 and less of itself than for (b). Notice that F 22 is greater for (b) than (a); 
this is a consequence of A 2 ,b > A 2 , a - 

(c) Using the foregoing equations in the IHT workspace, the variation of the view factors F 21 and F 22 
with L were calculated and are graphed below. 



- F21 

F22 



- F21 

F22 


Note that for both configurations, when L = 0, find that F 21 = F 13 = 0.1716, the value obtained for 
coaxial parallel disks. As L increases, find that F 22 —> 1; that is, the interior of both the cone and 
cylinder see mostly each other. Notice that the changes in both F 21 and F 22 with increasing L are 
greater for the disk-cylinder; F 21 decreases while F 22 increases. 

COMMENTS: From the results of part (b), why isn’t the sum of F 21 and F 22 equal to unity? 





PROBLEM 13.5 


KNOWN: Two parallel, coaxial, ring-shaped disks. 

FIND: Show that the view factor F 12 can be expressed as 

F 12 =— | A (1,3) F (l,3)(2,4) _ A 3 F 3(2,4) “ A 4( F 4(l,3) “ F 43)} 

where all the Fj g on the right-hand side of the equation can be evaluated from Figure 13.5 (see Table 
13.2) for coaxial parallel disks. 

SCHEMATIC: 



ASSUMPTIONS: Diffuse surfaces with uniform radiosities. 

ANALYSIS: Using the additive rule, Eq. 13.5, where the parenthesis denote a composite surface, 
F l(2,4) = F 12+ F 14 

F 12 =F 1(2,4) _F 14 (!) 

Relation for Fi( 2 , 4 f Using the additive rule 

A (l,3) F (l,3)(2,4) = A 1 F l(2,4) + A 3 F 3(2,4) ( 2 ) 

where the check mark denotes a Fy that can be evaluated using Fig. 13.5 for coaxial parallel disks. 
Relation for F 14 : Apply reciprocity 

F^4 = A4 F42 ( 3 ) 

and using the additive rule involving F 41 , 

A! F, 4 = A 4 F 4(p3) - F 43 ] ( 4 ) 

Relation for F 12 : Substituting Eqs. (2) and (4) into Eq. (1), 

F 12 = ^{ A (l,3) F (U)(2,4) - A 3 F 3(2,4) ~ A 4 ( F 4(l,3) “%)} < 

COMMENTS: (1) The Fy on the right-hand side can be evaluated using Fig. 13.5. 

(2) To check the validity of the result, substitute numerical values and test the behavior at special 
limits. For example, as A 3 , A 4 —> 0, the expression reduces to the identity F 12 = F 12 - 






PROBLEM 13.6 


KNOWN: Long concentric cylinders with diameters Dj and D 2 and surface areas A| and A 2 . 

FIND: (a) The view factor F 12 and (b) Expressions for the view factors F 22 and F 21 in terms of the 
cylinder diameters. 

SCHEMATIC: 


d 2 

ASSUMPTIONS: (1) Diffuse surfaces with uniform radiosities and (2) Cylinders are infinitely long 
such that Ai and A 2 form an enclosure. 

ANALYSIS: (a) View factor Fj 2 - Since the infinitely long cylinders form an enclosure with surfaces 
Ai and A 2 , from the summation rule on Ap Eq. 13.4. 

Fl 1 + Ff 2 = 1 (!) 



and since Aj doesn’t see itself, Fn = 0, giving 


Fl2=l 


That is, the inner surface views only the outer surface. 


< ( 2 ) 


(b) View factors F 22 and F 21 . Applying reciprocity between A] and A 2 , Eq. 13.3, and substituting 
from Eq. (2), 

A 1 F i2 = a 2 F21 (3) 


% = T^-F 12 = 
A 2 


ttDiL . 

-— xl 

n D2L 


d 2 


< (4) 


From the summation rule on A 2 , and substituting from Eq. (4), 

^1 + ^2 =1 


F22 = 1_1 ^1 = 


Dl 

d 2 


< 



PROBLEM 13.7 


KNOWN: Right-circular cylinder of diameter D, length L and the areas A|, A 2 , and A 3 representing 
the base, inner lateral and top surfaces, respectively. 

FIND: (a) Show that the view factor between the base of the cylinder and the inner lateral surface 
has the form 


Fi2=2H 


(ok 2 ) 


1/2 



where H = L/D, and (b) Show that the view factor for the inner lateral surface to itself has the form 

/ 9 

f*22 = 1 + H — (l + n ) 

SCHEMATIC: 



ASSUMPTIONS: Diffuse surfaces with uniform radiosities. 

ANALYSIS: (a) Relation for F 12 , base-to-inner lateral surface. Apply the summation rule to Aj, 
noting that Fn = 0 

F ll+ F 12+ F 13 = 1 

F 12 = 1_F 13 (!) 


From Table 13.2, Fig. 13.5, with i = 1 ,j = 3, 


F 13 =^ S 


S 2 -4(D 3 /D,r 


nl/2 


( 2 ) 


S = 


1 + 


1 + R3 
R? 


1 2 

— + 2 = 4H z +2 

R Z 


(3) 


where Rj = R 3 = R = D/2L and H = L/D. Combining Eqs. (2) and (3) with Eq. (1), find after some 
manipulation 


Continued 



















PROBLEM 13.7 (Cont.) 


F 12 = 1 -|| 4 h2 +2- (4H 2 +2)"-4 


F 12 =2H(1 + H z ) -H 


(b) Relation for F 22 , inner lateral surface. Apply summation rule on A 2 , recognizing that F 23 = F 21 , 
F 21 + F 22 +F 23 = 1 F22=l-2F2i (5) 

Apply reciprocity between A] and A 2 , 

F 21 = ( A 1 / A 2) F 12 ( 6 ) 

and substituting into Eq. (5), and using area expressions 

F 99 =1 — 2 —— Fi 2 =1 — 2 -Fi 9 =1-Fi 9 (7) 

zz A 2 4L 2 H 

2 

where A| = TtD /4 and A 2 = 7 tDL. 

Substituting from Eq. (4) for F 12 , find 

1 ft ?\ 1/2 1 t ?\ 1/2 

F 22 =l- 2H(1 + H 2 ) -H =l + H-(l + H z -j < 



PROBLEM 13.8 


KNOWN: Arrangement of plane parallel rectangles. 

FIND: Show that the view factor between A | and A 2 can be expressed as 


F 12 = 


2 Ai L 


A 


(1.4) 


F (1,4)(2,3) _A 1 F 13 — A 4 F 42 


where all F,j on the right-hand side of the equation can be evaluated from Fig. 13.4 (see Table 13.2) 
for aligned parallel rectangles. 

SCHEMATIC: 



ASSUMPTIONS: Diffuse surfaces with uniform radiosity. 

ANALYSIS: Using the additive rule where the parenthesis denote a composite surface, 

A ( 1 ,4) F ( 1 ,4)(2,3) = A 1 Pi3 + A 1 F 12+ A 4 F 43 +A 4 F 42 C 1 ) 

where the asterisk (*) denotes that the F;j can be evaluated using the relation of Figure 13.4. Now, 
find suitable relation for F 43 . By symmetry, 

F 43 = F 21 ( 2 ) 

and from reciprocity between Aj and A 2 , 

F 21 = 7^- F 12 ( 3 ) 

A 2 


Multiply Eq. (2) by A 4 and substitute Eq. (3), with A 4 = A 2 , 


A 4 F 43 = A 4 P21 = A 4^“ F 12 = A 1 F 12 

A 2 


Substituting for A 4 F 43 from Eq. (4) into Eq. (1), and rearranging, 

1 


*12 


2 A\ 


a ( 1 , 4 ) F (1,4)(2,3) _A 1 Pl3- A 4 F 42 


(4) 


< 


















PROBLEM 13.9 


KNOWN: Two perpendicular rectangles not having a common edge. 

FIND: (a) Shape factor, F| 2 , and (b) Compute and plot F 12 as a function of Zb for 0.05 < < 0.4 m; 

compare results with the view factor obtained from the two-dimensional relation for perpendicular 
plates with a common edge, Table 13.1. 

SCHEMATIC: 



0.3 m 



ASSUMPTIONS: (1) All surfaces are diffuse, (2) Plane formed by A | + A 3 is perpendicular to plane 
of A 2 . 


ANALYSIS: (a) Introducing the hypothetical surface A 3 , we can write 

F 2(3,l) =f ^3 +F 2F (!) 

Using Fig. 13.6, applicable to perpendicular rectangles with a common edge, find 

Y 0.3 Z 0.2 

= 0.19 : with Y = 0.3, X = 0.5, Z = Z a -Z h = 0.2, and — =— = 0.6, — = — = 0.4 
23 a b X 0.5 X 0.5 

Y 0.3 Z 0.4 

FofS ,3 = 0.25 : with Y = 0.3, X = 0.5, Z a = 0.4, and — =-= 0.6, — =-= 0.8 

2l3 ’ U a X 0.5 X 0.5 

Hence from Eq. (1) 

F 21 = ^ 2(3 1 ) — ^23 = 0.25 — 0.19 = 0.06 


By reciprocity, 


_ A 2 _ 0.5x0.3m^ 


% = —f^l = 


x0.06 = 0.09 


( 2 ) < 


A 1 0.5x0.2m" 

(b) Using the IHT Tool — View Factors for Perpendicular Rectangles with a Common Edge and Eqs. 
(1,2) above, F 12 was computed as a function of Zb- Also shown on the plot below is the view factor 
F (3 j )2 for the limiting case Zb —> Z a . 


e 




- F 12 

-©— limit F(3,1 )2 when Zb -> Za 





PROBLEM 13.10 


KNOWN: Arrangement of perpendicular surfaces without a common edge. 

FIND: (a) A relation for the view factor F 1 4 and (b) The value of F 14 for prescribed dimensions. 

SCHEMATIC: 

* = 


ASSUMPTIONS: (1) Diffuse surfaces. 

ANALYSIS: (a) To determine F 14 , it is convenient to define the hypothetical surfaces A 2 and A 3 . 
FromEq. 13.6, 

( A 1 +A 2) F (l,2)(3,4) = A 1 *1(3,4) +A 2 F 2(3,4) 

where Fn 2 )( 3 , 4 ) and F 2 n 4 ) may be obtained from Fig. 13.6. Substituting for A | Fi (3 4 ) from Eq. 13.5 
and combining expressions, find 

A 1 *1(3,4) =A 1 *13 +A 1 *14 

*14 = —— ( A 1 +A 2) F (l,2)(3,4) _A 1 *13 _A 2 F 2(3,4) • 

A 1 

Substituting for Aj F 13 from Eq. 13.6, which may be expressed as 
( A 1 + a 2 )F(i, 2 )3 = A i ff3+A 2 %. 

The desired relation is then 

*14 = ~7~ ( A 1 +A 2) F (l,2)(3,4) +A 2 F 23 _ ( A 1 + A 2) F (l,2)3 “ A 2 F 2(3,4) • ^ 

A 1 

(b) For the prescribed dimensions and using Fig. 13.6, find these view factors: 

Surfaces (1,2)(3,4) (Y/X)= Ll+Lz = 1 , (Z/X)= L3 ^ 4 =1.45, F (l, 2 )( 3 , 4 ) = °- 2 2 

Surfaces 23 (Y/X) = — = 0.5, (Z/X) = ^ = 1, Fa =0.28 

W W 

Surfaces (1,2)3 ( Y,x )=^ 1 = 1 ’ < z/x )=^- =1 ’ 131 . 2 ) 3= 0 - 20 

Surfaces 2(3,4) (Y/X) = — = 0.5, (Z/X)= L3 ^ 4 =1.5, F 2 ( 3 , 4)= 0 - 31 

Using the relation above, find 

F ) 4 = —-— [( WL : + WL 2 )0.22 + ( WL 2 )0.28 - ( WL : + WL 2 )0.20 - ( WL 2 )0.31] 

( WI -l) 

F [4 = [2 ( 0 . 22 ) +1 (0.28 ) - 2 ( 0 . 20 ) -1 (0.31)] = 0 . 01 . 




< 






PROBLEM 13.11 


KNOWN: Arrangements of rectangles. 
FIND: The shape factors, Fj 2 - 

SCHEMATIC: 




ASSUMPTIONS: (1) Diffuse surface behavior. 


ANALYSIS: (a) Define the hypothetical surfaces shown in the sketch as A 3 and A 4 . From the 
additive view factor rule, Eq. 13.6, we can write 

V V V 

A (U) F (h 3 )( 2 , 4 ) = A 1 F l2 + A : F 14 +A 3 F 32 +A 3 F 34 (1) 

Note carefully which factors can be evaluated from Fig. 13.6 for perpendicular rectangles with a 
common edge. (See V). It follows from symmetry that 

A l I l2 =A 4 F 43- ( 2 ) 

Using reciprocity, 

A 4 F 43 = A 3 F 34 _ then A 1 f 32 =A 3 F 34 . ( 3 ) 


Solving Eq. (1) for F 12 and substituting Eq. (3) for A 3 F 34 , find that 
*12 =T^r A (l,3) F (l,3)(2,4) A l F l4 - A 3%]- 


2Ai 


(4) 


Evaluate the view factors from Fig. 13.6: 


F u 

Y/X 

Z/X 

F u 

(1,3) (2,4) 

6 

- = 0.67 

6 

- = 0.67 

0.23 


9 

9 


14 

6 

- = 1 

6 

- = 1 

0.20 


6 

6 


32 

6 

— = 2 

(N 

II 

VO 1 

0.14 


3 

3 



Substituting numerical values into Eq. (4) yields 


%=- 


1 


2x(6x6)m“ 


(6x9)m“ x0.23-(6x6)m“ x 0.20-(6x3) m“ x0.14 


< 


Iq 2 = 0.038. 


Continued 











PROBLEM 13.11 (Cont.) 


(b) Define the hypothetical surface A3 and divide A2 into two sections, A2A and A2 b- From the 
additive view factor rule, Eq. 13.6, we can write 

V V 

A u F(i , 3 )2 = A 1 Fj 2 + A 3 f^( 2A ) + A3 F 3 ( 2 b) ■ (5) 

Note that the view factors checked can be evaluated from Fig. 13.4 for aligned, parallel rectangles. 
To evaluate F 3 (2 A > we first recognize a relationship involving F( 2 4)i will eventually be required. 
Using the additive rule again, 

V 


A 2A F (2A)(1,3) - A 2A F (2A)1 + A 2A F(2 A ) 3 . 

(6) 

Note that from symmetry considerations, 


A 2A F (2A)(1,3) = A lfi2 

(7) 

and using reciprocity, Eq. 13.3, note that 


A 2 aP2A3 = A 3 F 3(2A)- 

(8) 


Substituting for A3F3(2A) from Eq. (8), Eq. (5) becomes 

V V 

A(U) F(l,3)2 = A^ 2 + A 2A F(2A)3 + A3 F 3 ( 2B ) ■ 

Substituting for A 2A F( 2 a)3 from Eq. (6) using also Eq. (7) for A 2A f (2A)(1,3) find that 

V ( V ^ V 


A( 1 ,3) f ( 1,3) 2 = A 1 ]q 2 


A lfl2- A 2A F (2A)1 


+ a 3 F3(2B) 


(9) 


and solving for Fi 2 , noting that Ai = A 2 a and A(i >3 ) = A2 

V V V 




1 


2Ai 


A 2 F ( 1 , 3)2 + A 2A F (2A)1 A 3 F 3(2B) 


Evaluate the view factors from Fig. 13.4: 


F ij 

X/L 

Y/L 

F ij 

(1,3)2 

1 

- = 1 

1.5 

— = 1.5 

0.25 

1 

1 


(2A)1 

1 

- = 1 

0.5 

— = 0.5 

0.11 


1 

1 


3(2B) 

1 

- = 1 

1 

- = 1 

0.20 


1 1 
Substituting numerical values into Eq. (10) yields 


*n=- 


1 


2(0.5xl)m“ 
112=0.23. 


( 10 ) 


(l.5xl.0)m“ x0.25 + (0.5xl)m 2 xO.l 1 -(lxl)m“ x0.20 



PROBLEM 13.12 


KNOWN: Two geometrical arrangements: (a) parallel plates and (b) perpendicular plates with a 
common edge. 

FIND: View factors using “crossed-strings” method; compare with appropriate graphs and analytical 
expressions. 

SCHEMATIC: 



(a) Parallel plates (b) Perpendicular plates with common edge 

ASSUMPTIONS: Plates infinite extent in direction normal to page. 


ANALYSIS: The “crossed-strings” method is 
applicable 

to surfaces of infinite extent in one direction having an 
obstructed view of one another. 

F[2 = (l/2wj )[(ac + bd)-(ad + bc)]. 



(a) Parallel plates: From the schematic, the edge and diagonal distances are 
Iwj+L 1 be = ad = L. 


ac = bd = 


With wi as the width of the plate, find 
1 


%=' 


2w 


/ ? s\ U2 

1 

/ -i o\ 1/2 

2l Wl +L'j - 2 (l) 

2(4+1“) m-2(lm) 

2x4 m 


= 0.781. 


Using Fig. 13.4 with X/L = 4/1=4 and Y/L = °o, find F 12 ~ 0.80. Also, using the first relation of 
Table 13.1, 


>/2W: 


72x4 = 0.781. 


r 


1/2 

r. .0 7 

1/2 

F u = 

(Wj+Wj) +4 

- 

£ 

1 

f 

+ 

4^ 


■ 1 

- 


L J 

J 


where wj = wj = wj and W = w/L = 4/1 = 4, find 




? -|l/2 r 9 -p/2 

(4 + 4 ) +4 - (4-4) +4 


(b) Perpendicular plates with a common edge: From the schematic, the edge and diagonal distances 
are 




bd = L 


ad = 


( 2 , r 2 \ 

(wi +L 


be = 0. 


With w | as the width of the horizontal plates, find 

(j , 0 7/2 ^ 

2(wj + l) — ( Wj + L“ I +0 


h 2 =(l/2wi) 
h 2 = (l/ 2x4 m) 


( ( 2 2\ 1/2 

( 4 + 1 ) m- (4 +1 I m + 0 


= 0 . 110 . 


From the third relation of Table 13.1, with w; = wj = 4 m and w; = L = 1 m, find 


y = 4 1 + ( w j 7 w i)“ i + fwj/wi) 


>/2 


^12 = 11 + (l/4)— 1 + (l/4) 2 


nl/2 


•/2 = 0 . 110 . 


< 




PROBLEM 13.13 


KNOWN: Parallel plates of infinite extent (1,2) having aligned opposite edges. 

FIND: View factor Fj 2 by using (a) appropriate view factor relations and results for opposing 
parallel plates and (b) Hottel’s string method described in Problem 13.12 


SCHEMATIC: 


I 



|<——H 

_ 

N-w £ =2 




ASSUMPTIONS: (1) Parallel planes of infinite extent normal to page and (2) Diffuse surfaces with 
uniform radiosity. 

ANALYSIS: From symmetry consideration (Fj 2 = F 14 ) and Eq. 13.5, it follows that 
fi2=(l/2)[fi(2.3,4)-fi3] 

where A 3 and A 4 have been defined for convenience in the analysis. Each of these view factors can 
be evaluated by the first relation of Table 13.1 for parallel plates with midlines connected 
perpendicularly. 


F 13 : W 1 =w 1 /L = 2 

F I3 = 


W 2 = W 2 /L = 2 


(W 1 + W 2 ) 2 +4 

1/2 

(W 2 -W 1 ) 2 + 4 

1/2 

(2 + 2) 2 +4 

1/2 

(2 - 2) 2 + 4 


1/2 


= 0.618 


2W> 


F l(2,3,4) : W 1 =W 1 /L = 2 

(2 + 6 )“ +4 
^(2,3,4) =- 7 


2 x 2 

W ( 2 , 3 , 4 ) =3w 2 /l = 6 


1/2 r o -il/2 

(6-2)" +4 


2x2 


= 0.944. 


Hence, find Y\ 2 = (1/2)[0.944-0.618] = 0.163. 
(b) Using Hottel’s string method, 

Fj 2 =(l/ 2 wj)[(ac + bd)-(ad + bc)] 

/ 2 \ 1/2 

ac = (l + 4"J =4.123 

bd = 1 


w i~Zm 


'"-I- 


1 


W 2 


=2.m 


2 2\ 1/2 
/ + 2 / ) =2.236 

be = ad = 2.236 

and substituting numerical values find 

F[2 = (l/ 2 x 2 ) [(4.123 + 1) — (2.236 + 2.236)] = 0. 163. < 

COMMENTS: Remember that Hottel’s string method is applicable only to surfaces that are of 
infinite extent in one direction and have unobstructed views of one another. 





PROBLEM 13.14 


KNOWN: Two small diffuse surfaces, A | and A 2 , on the inside of a spherical enclosure of radius R. 

FIND: Expression for the view factor F 12 in terms of A 2 and R by two methods: (a) Beginning with 
the expression Fy = qy/A| Jj and (b) Using the view factor integral, Eq. 13.1. 

SCHEMATIC: 



ASSUMPTIONS: (1) Surfaces Ai and A 2 are diffuse and (2) Aj and A 2 « R . 


ANALYSIS: (a) The view factor is defined as the fraction of radiation leaving Aj which is 
intercepted by surface j and, from Section 13.1.1, can be expressed as 

f-AL 

,J A,J, 

From Eq. 12.5, the radiation leaving intercepted by Aj and A 2 on the spherical surface is 

qi—>2 = (J1 / )' A 1 COS0 1 ® 2 -l 

where the solid angle A 2 subtends with respect to A 1 is 

„ A 2,n A 2 cos0 2 

« 2 -l = ~=- 3 - 


From the schematic above, 
cos 6{ = cos 0 2 
Hence, the view factor is 


r = 2Rcos6>i 


(Jl/;r)Ai cos6>i -A 2 cos0 2 /4R^cos0i A 2 
ij A 1 J 1 4;rR 2 


(b) The view factor integral, Eq. 13.1, for the small areas Ai and A 2 is 


ja, 


COS01 COS @9 COS01 COS@ 9 A 9 

- L -—— dAidA 2 =- 1 . z z 


m 


K r 


(1) 

( 2 ) 

(3) 

(4,5) 

< 


and from Eqs. (4,5) above, 
A 2 


% 




< 


1 

COMMENTS: Recognize the importance of the second assumption. We require that Aj, A 2 , « R 
so that the areas can be considered as of differential extent, Aj = dAp and A 2 = dA 2 - 




PROBLEM 13.15 


KNOWN: Disk Aj, located coaxially, but tilted 30° of the normal, from the diffuse-gray, ring-shaped disk A 2 . 
Surroundings at 400 K. 


FIND: Irradiation on Ap Gp due to the radiation from A 2 . 


SCHEMATIC: 


r 0 =bmm 


rj=Zmm 



A z , 7 ^= 600K, £ z -0.7 

—— L= I'm — J \/— ■ 

As r-T sur =400K 





ASSUMPTIONS: (1) A 2 is diffuse-gray surface, (2) Uniform radiosity over A 2 , (3) The surroundings are large 
with respect to A | and A 2 . 


ANALYSIS: The irradiation on A| is 

G 1 = H21 / A 1 =(%- J 2 A 2) /A 1 


(1) 


where J 2 is the radiosity from A 2 evaluated as 

J 2 =e 2 E b,2 + P2 G 2 = £ 2 (tT 2 + (* ~ e 2 ) c7T sur 

J 2 =0.7x5.67xlO -8 W/m 2 K 4 (600 K) 4 + (1-0.7)5.67xlO -8 W/m 2 • K 4 (400 K) 4 

J 2 =5144 + 436 = 5580 W/m 2 . (2) 

Using the view factor relation of Eq. 13.8, evaluate view factors between A], the normal projection of A ], and 


A 3 as 


h'3 = 


Dt 


(0.004 m) 2 


D 2 + 4L 2 (0.004 m) 2 + 4 (1 m) 2 


= 4.00x10 


-6 


and between A | and (A 2 + A 3 ) as 

i' 2 

F lX23) 


Dp 


( 0 . 012 )- 


= 3.60x10 


-5 


giving 


Dq + 4Lr (0.012) z +4(l m) z 
Vy 2 =r y(23) -I y3 =3.60 xl °“ 5 -4.00x 10“ 6 =3.20xio -5 


From the reciprocity relation it follows that 

F^i' =A / 1 ^ 2 /A 2 =( A l c °sPl /A 2) F l , 2 =3-2 O x1O “ 5 cos0i( a i / a 2 ). (3) 

By inspection we note that all the radiation striking A | will also intercept A |; that is 

%=%'■ (4) 

Hence, substituting for Eqs. (3) and (4) for F 21 into Eq. (1), find 

Gj =(3.2OxlO“ 5 cos0 1 (A 1 /A2)xJ 2 xA 2 )/A 1 =3.20xl0“ 5 cose 1 J 2 (5) 

Gj =3.20x10“ 5 cos(30°)x5580 W/m 2 =27.7 ^W/m 2 . < 


COMMENTS: (1) Note from Eq. (5) that Gi ~ cos0 1 such that Giis a maximum when A ] is normal to disk A 2 . 




PROBLEM 13.16 

KNOWN: Heat flux gauge positioned normal to a blackbody furnace. Cover of furnace is at 350 K 
while surroundings are at 300 K. 


FIND: (a) Irradiation on gage, G g , considering only emission from the furnace aperture and (b) 
Irradiation considering radiation from the cover and aperture. 


SCHEMATIC: 


Furnace.11=1000K 




j—rurnace, 1^=1 


1 yrntth 

V-1Z 


T sur =300K 


11=350K, £ c =0.Z,D=100njm 




-Aperture, d a =5mm Gauge, dg=4mm 


-J 


R = 1t77 


ASSUMPTIONS: (1) Furnace aperture approximates blackbody, (2) Shield is opaque, diffuse and 

i 2 

gray with uniform temperature, (3) Shield has uniform radiosity, (4) A g « R , so that co g .f = A g /R , 
(5) Surroundings are large, uniform at 300 K. 

ANALYSIS: (a) The irradiation on the gauge due only to aperture emission is 

/ \ crTf Ag 

Gg = q f _ g / Ag = (l e f • Af cos0 f • o>g_f )! A g =-Af — —l A g 


x 


R 


oTt 5.67x10 8 W/m 2 K 4 (1000 K)" . , 2 2 

G„ =—!- Af =-—i- —x(7t/ 4)(0.005 m) =354.4 mW/m. 

7tR“ 7r(l m)“ 

(b) The irradiation on the gauge due to radiation from the aperture (a) and cover (c) is 
F • T A 

1 r — rr Jr 1 


G g = G g a + 


c g -c^c 
A„ 


where F c . g and the cover radiosity are 


F c-g F g-c ( A g / A c ) : 


D 


2 A c 


4R 2 +D 2 A c 


e c F b (T c ) + P C G C 


but G c =E^ (T sur ) and p c =1 — a c = 1-£ C ,J C = £ c ctT 4 + (l-£ c )oT sar = (l70.2 + 387.4)W/m“. 
Hence, the irradiation is 


G g =G g , a +- 


1 

A n 


d: 


A r 


, 2 , r -,2 a 


4R +d; 


V 


£ c o-T 4 +(l-£ c )fiT 


4 

sur 


A, 


f 


G„ =354.4 mW/mG 


0 . 10 “ 


4xl 2 +0.10 2 


0.2xo-(350) 4 +(l-0.2)xcr(300f 


W/m“ 


G„ =354.4 mW/m 2 +424.4 mW/m 2 +916.2 mW/m 2 =1,695 mW/m 2 . 


COMMENTS: (1) Note we have assumed Af « A c so that effect of the aperture is negligible. (2) In 

part (b), the irradiation due to radiosity from the shield can be written also as G g;C = q c . g /A g = 

1 ’ 2 

(J c /7t) A c C0 g . c /A g where co g _ c = A g /R . This is an excellent approximation since A c « R . 



PROBLEM 13.17 


KNOWN: Temperature and diameters of a circular ice rink and a hemispherical dome. 
FIND: Net rate of heat transfer to the ice due to radiation exchange with the dome. 


SCHEMATIC: 



Dome } Z^=35777 j 7^ =1S°C 


^—Xce rink , D 1 =2S7n l l^-0°C 


ASSUMPTIONS: (1) Blackbody behavior for dome and ice. 

ANALYSIS: From Eq. 13.13 the net rate of energy exchange between the two blackbodies is 

921 =A 2 F 21 f7 ( T 2 ~ T l ) 

From reciprocity, Aj F 21 = A] F 12 = / 4^ 1 

A 2 F2i =(^/ 4 )(25 m) 2 l = 491m 2 . 

Hence 

q 2 i =491 m 2 (5.67xlO _8 W/m 2 K 4 ) 


(288 K) 4 -(273 K) 4 


q 2 i =3.69xl0 4 W. 


< 


COMMENTS: If the air temperature, Too, exceeds Ti, there will also be heat transfer by convection 
to the ice. The radiation and convection transfer to the ice determine the heat load which must be 
handled by the cooling system. 



PROBLEM 13.18 


KNOWN: Surface temperature of a semi-circular drying oven. 
FIND: Drying rate per unit length of oven. 

SCHEMATIC: 



L 

L 


ASSUMPTIONS: (1) Blackbody behavior for furnace wall and water, (2) Convection effects are 
negligible and bottom is insulated. 

PROPERTIES: Table A-6, Water (325 K): h fg = 2.378xl0 6 J/kg. 

ANALYSIS: Applying a surface energy balance, 

412 = Oevap = Ahfg 

where it is assumed that the net radiation heat transfer to the water is balanced by the evaporative heat 
loss. FromEq. 13.13 

qi2= A l Fi2 ct( t i 4 - t 2 )■ 


From inspection and the reciprocity relation, Eq. 13.3, 

DL 


%=—% = / x 

A, (ttD/2)-L 


xl = 0.637. 


Hence 


. , m 7rD 

m = — =-Fi 9 <7 

L 2 


(V- T 2 4 ) 


hfg 


, 7T (1 m) -8 W (1200 K)-(325 Kf 

m =— --x0.637x5.67x10 8 \ ) 


m 2 ■ K 4 2.378x10^ J/kg 


or 


m' = 0.0492 kg / s ■ m. < 

COMMENTS: Air flow through the oven is needed to remove the water vapor. The water surface 
temperature, T 2 , is determined by a balance between radiation heat transfer to the water and the 
convection of latent and sensible energy from the water. 




PROBLEM 13.19 

KNOWN: Arrangement of three black surfaces with prescribed geometries and surface temperatures. 


FIND: (a) View factor F 13 , (b) Net radiation heat transfer from A | to A 3 . 

SCHEMATIC: 



Aj = 0.05m 2 
T 1 =1000K 
T S =500K 


ASSUMPTIONS: (1) Interior surfaces behave as blackbodies, (2) A 2 » Ap 

ANALYSIS: (a) Define the enclosure as the interior of the cylindrical form and identify A 4 . 
Applying the view factor summation rule, Eq. 13.4, 

Ill + Il2 +Fl3 +Il4 = 1- (1) 


Note that Fj \ = 0 and F 14 = 0. From Eq. 13.8, 


Il 2 


D" 


(3m)" 


D 2 +4L 2 (3m) 2 +4(2m) 2 


:0.36. 


From Eqs. (1) and (2), 


( 2 ) 


F [3 = 1 — Fi 2 = 1 — 0.36 = 0.64. < 

(b) The net heat transfer rate from A ] to A 3 follows from Eq. 13.13, 
qi 3 =A, fb^-T 4 ) 

q 13 = 0.05m 2 x0.64x5.67 x 10 _8 W/m 2 ■ K 4 |l000 4 —500 4 |k 4 = 1700W. < 

COMMENTS: Note that the summation rule, Eq. 13.4, applies to an enclosure; that is, the total 
region above the surface must be considered. 



PROBLEM 13.20 


KNOWN: Furnace diameter and temperature. Dimensions and temperature of suspended part. 
FIND: Net rate of radiation transfer per unit length to the part. 

SCHEMATIC: 



= 1000 K, D = 2 m 


ASSUMPTIONS: (1) All surfaces may be approximated as blackbodies. 

ANALYSIS: From symmetry considerations, it is convenient to treat the system as a three-surface 
enclosure consisting of the inner surfaces of the vee ( 1 ), the outer surfaces of the vee ( 2 ) and the 
furnace wall (3). The net rate of radiation heat transfer to the part is then 

%2 = A3 E> 1 a (tJ -) + A 3 F , 2 <t (tJ -T*) 

From reciprocity, 

=A' 1 F l 3 =2Lx0.5 = lm 

where surface 3 may be represented by the dashed line and, from symmetry, F 13 = 0.5. Also, 

A 3 F 32 = A 2 F 23 = 2Lxl = 2m 


Hence, 


qj 2 = (1 + 2)mx5.67xl(T 8 W/m 2 ■ K 4 (lOOO 4 -300 4 )K 4 = 1.69xl0 5 W/m < 

COMMENTS: With all surfaces approximated as blackbodies, the result is independent of the tube 
diameter. Note that Fn = 0.5. 



PROBLEM 13.21 


KNOWN: Coaxial, parallel black plates with surroundings. Lower plate (A 2 ) maintained at 
prescribed temperature T 2 while electrical power is supplied to upper plate (Aj). 


FIND: Temperature of the upper plate Tp 


SCHEMATIC: 



-300K 


, T~ 

L=O.ZOm 

jL. 


utwivtvH ^r^Hea-i-er 


^—Aj, Di = O.ZOm, 77 

r -A*, Dzr0.40m,T^500K 


ASSUMPTIONS: (1) Plates are black surfaces of uniform temperature, and (2) Backside of heater 
on A] insulated. 


ANALYSIS: The net radiation heat rate leaving Aj is 
N 

Pe = £ Oij = A 1 *12<* (Tl 4 - T 2 4 ) + Aft 3 <7 (Tj 4 - T 3 4 ) 

j=l 


P e = AjtJ 


^ 2 ( T 4 _ T 4 ) + F) 3 (t 4 - T 4 ,,.) 


From Fig. 13.5 for coaxial disks (see Table 13.2), 
Rj = ij /L = 0.10 m/0.20 m = 0.5 


( 1 ) 


R 2 =r 2 /L = 0.20 m/0.20 m = 1.0 


S = l + l±g2 = l+ 1 + 1 _ = 9.0 


Ri 


(0.5)- 


%=- s - 


s~ _4 ( r 2 / f i y 


-11/2 


-i 9 - 


9“ -4(0.2/0.l)“ 


-1I/2 


■ = 0.469. 


From the summation rule for the enclosure Ap A 2 and A 3 where the last area represents the 
surroundings with T 3 = T sur , 

Fj 2 +143 = 1 Fj 3 = 1 — Fj 2 = 1 — 0.469 = 0.531. 


2 —2 2 

Substituting numerical values into Eq. (1), with Aj = ;rDj /4 = 3.142x10 “m , 


17.5 W =3.142x10 2 m 2 x5.67xl0 8 W/m 2 -K 4 


0.469 


(t 4 -500 4 ) 


K 


9.823X10 9 


+ 0.531 ^Tj 4 -300 4 |k 4 
0.469 (Tj 4 - 500 4 ) + 0.531 (t 4 - 300 4 ) 


find by trial-and-error that Tj =456 K. 

COMMENTS: Note that if the upper plate were adiabatic, T 1 = 427 K. 


< 



PROBLEM 13.22 

KNOWN: Tubular heater radiates like blackbody at 1000 K. 


FIND: (a) Radiant power from the heater surface. A s , intercepted by a disc, A |, at a prescribed 
location q s _^; irradiation on the disk, Gi; and (b) Compute and plot q s _>i and Gi as a function of the 
separation distance L| for the range 0 < L| < 200 mm for disk diameters Di = 25, and 50 and 100 mm. 


SCHEMATIC: 


Heater surface- 

T s = 1000 K, A 2 
D 2 = 100 mm 

A 3 



p- t -2 = 100 mm > [ < Z. 1 = 100 mm 


ASSUMPTIONS: (1) Heater surface behaves as blackbody with uniform temperature. 

ANALYSIS: (a) The radiant power leaving the inner surface of the tubular heater that is intercepted 
by the disk is 

02^1 =( A 2 E b2) F 21 (!) 

where the heater is surface 2 and the disk is surface 1. It follows from the reciprocity rule, Eq. 13.3, that 

*21=^2- ( 2 ) 

A 2 

Define now the hypothetical disks, A 3 and A 4 , located at the ends of the tubular heater. By 
inspection, it follows that 

^4=^2+% or F 12= F 14~ F 13 

(3) 

where F 14 and F 13 may be determined from Fig. 13.5. Substituting numerical values, with D 3 = D 4 = 

d 2 , 


F^ 3 =0.08 with — 


L Li + L 2 _ 200 


F14 = 0.20 with — 


r.j Dj/2 50/2 
L L, 100 


= 4 


ri D 3 /2 100/2 Q25 

L L 1 +L 2 200 

Jj D 4 /2 100/2 


q Dj/2 50/2 


-l 


100 


= 0.5 


Substituting Eq. (3) into Eq. (2) and then into Eq. (1), the result is 
02—>1 =A l( I l4 _F l3) E b2 


02-H 


^(50x10 3 m“ /4 


(0.20-0.08)x5.67x10 6 W /m“ • K 4 (1000 Kf =13.4W 


where E ^ 2 = 0 "T S ^. The irradiation Gi originating from emission leaving the heater surface is 


Gi 


Gs—>1 


13.4 W 


A 1 n (0.050 m)“ / 4 


= 6825 W I . 


(4) < 


Continued 








PROBLEM 13.22 (Cont.) 


(b) Using the foregoing equations in IHT along with the Radiation Tool-View Factors for Coaxial 

Parallel Disks, Gi and q s _>i were computed as a function of Li for selected values of D ]. The results 
are plotted below. 



o D1 = 25 mm 

- D1 = 50 mm 

A D1 = 100 mm 



o D1 = 25 mm 

-D1 = 50 mm 

—A— D1 = 100 mm 


In the upper left-hand plot. Gi decreases with increasing separation distance. For a given separation 
distance, the irradiation decreases with increasing diameter. With values of Dj =25 and 50 mm, the 
irradiation values are only slightly different, which diminishes as L] increases. In the upper right- 
hand plot, the radiant power from the heater surface reaching the disk, q s _^ decreases with 
increasing Li and decreasing Dp Note that while Gi is nearly the same for Di = 25 and 50 mm, their 
respective q s ->2 values are quite different. Why is this so? 





PROBLEM 13.23 


KNOWN: Dimensions and temperatures of an enclosure and a circular disc at its base. 
FIND: Net radiation heat transfer between the disc and portions of the enclosure. 


SCHEMATIC: 


H - D- 0.5m —■H 


/-fypo+h.eHcal 

surfaces 



ASSUMPTIONS: (1) Blackbody behavior for disc and enclosure surfaces, (2) Area of disc is much 
less than that of the hypothetical surfaces, (A 1 /A 2 ) « 1 and (A 1 /A 3 ) « 1. 

ANALYSIS: From Eq. 13.13 the net radiation exchange between the disc (1) and the hemispherical 
dome (d) is 

qid=AlFi d <7(T 1 4 -T 4 ). 

However, since all of the radiation intercepted by the dome must pass through the hypothetical area 
A 2 , it follows from Eq. 13.8 of Example 13.1, 


Pld =F 12 


4L 2 +D 2 (2L/D) 2 +1 1 - 44 +1 


: 0.410. 


Hence 

q ld = ^(0.02 m) 2 x 0.41x5.67 xl0~ 8 W/m 2 ■ K (1000 K) 4 -(300 K) 4 


q ld = 7.24 W. < 

Similarly, the net radiation exchange between the disc (1) and the cylindrical ring (r) of length L/3 is 

qir=A, %<t(t 4 -T 4 ) 

where 

D 2 

Fir =Fi3— %=-=-0.41 = 0.61-0.41 = 0.20. 

4(2L/3)^+D 2 

Hence 

q lr =^(0.02 m) 2 x0.2x5.67xl0~ 8 W/m 2 ■ K 4 (1000 K) 4 -(300 K) 4 


q lr =3.53 W. 


< 





PROBLEM 13.24 


KNOWN: Circular plate (Aj) maintained at 600 K positioned coaxially with a conical shape (A 2 ) 
whose backside is insulated. Plate and cone are black surfaces and located in large, insulated 
enclosure at 300 K. 

FIND: (a) Temperature of the conical surface T 2 and (b) Electric power required to maintain plate at 
600 K. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Plate and cone are black, (3) Cone behaves as 
insulated, reradiating surface, (4) Surroundings are large compared to plate and cone. 

ANALYSIS: (a) Recognizing that the plate, cone, and surroundings from a three-(black) surface 
enclosure, perform a radiation balance on the cone. 

q 2 = 0 = q 23 +q 2 l = A 2 F 2 3 c(t 2 _T 3 ) + A 2 * 2 l a [ T 2 ~ T l ) 


where the view factor F 21 can be determined from the coaxial parallel disks relation (Table 13.2 or 
Fig. 13.5) with Ri - ri /L=250/500 = 0.5, Rj = 0.5, S = 1 + (l + R 2 )/R 2 =1 + (1 + 0 . 5 2 )/ 0 . 5 2 = 6.00, 


and noting = Fyj, 


F2l=0-5 


r 

0 / \ 0 

1/2 


r r 

s - 

S 2 -4(rj/fl) 


■ = 0.5- 

6 - 

l 

L 

J 


, L 


4(0.5/0.5 ) 2 


il /2 


0.172. 


For the enclosure, the summation rule provides, F +3 = 1 - F 2 '| = 1 - 0.172 = 0.828. Hence, 
0.828 (t 4 - 300 4 ) = 0 + 0.172 (t 4 - 600 4 ) 


T 2 =413 K. 


(b) The power required to maintain the plate at T 2 follows from a radiation balance, 

0l =012 +013 = A l r l2 cr ( T l 4_T 2 ) + A l r l3 cr ( T l 4 _T 3^) 
where I \ 2 =A 2 'F 2 ' 1 /A : =% =0.172 and fq 3 = 1-F ) 2 = 0.828, 


q : = (^0.5 2 /4)m 2 (7 0.172 (600 4 -413 4 )k 4 +0.828 (600 4 -300 4 )k 4 


< 


qj =1312 W. 


< 





PROBLEM 13.25 


KNOWN: Conical and cylindrical furnaces (A 2 ) as illustrated and dimensioned in Problem 13.2 (S) 
supplied with power of 50 W. Workpiece (Ai) with insulated backside located in large room at 300 
K. 

FIND: Temperature of the workpiece, Tj, and the temperature of the inner surfaces of the furnaces, 
T 2 . Use expressions for the view factors F 21 and F 22 given in the statement for Problem 13.2 (S). 

SCHEMATIC: 



ASSUMPTIONS: (1) Diffuse, black surfaces with uniform radiosities, (2) Backside of workpiece is 
perfectly insulated, (3) Inner base and lateral surfaces of the cylindrical furnace treated as single 
surface, (4) Negligible convection heat transfer, (5) Room behaves as large, isothermal surroundings. 

ANALYSIS: Considering the furnace surface (A 2 ), the workpiece (Aj) and the surroundings (A s ) as 
an enclosure, the net radiation transfer from Aj and A 2 follows from Eq. 13.14, 

Workpiece qi = 0 = F 12 (E bl -E b2 ) + F ls (E bl - E bs ) ( 1 ) 

Furnace q 2 = 50 W = A 2 % (E b2 - E bl ) + A 2 F 2 S (E b2 - E bs ) ( 2 ) 

4 -8 2 4 

where E b = a T and <7 = 5.67x10 W/m-K. From summation rules on Aj and A 2 , the view 
factors Fis and F 2 s can be evaluated. Using reciprocity, F 12 can be evaluated. 

F ls = 1 — F 12 P2s = -P22 F 12 =( A 2 /A l) E 21 

2 

The expressions for F 21 and F 22 are provided in the schematic. With A | = 71 Dj" / 4 the A 2 are: 

Cone : A 2 = .TD 3 /2 +(D 3 /2)^ j Cylinder. A 2 = /4+ ;tD 3 L 

Examine Eqs (1) and (2) and recognize that there are two unknowns, Ti and T 2 , and the equations 
must be solved simultaneously. Using the foregoing equations in the IHT workspace, the results are 

T, = 544 K T 2 = 828 K < 

COMMENTS: (1) From the IHT analysis, the relevant view factors are: F 12 = 0.1716; Fi s = 0.8284; 
Cone: F 2 j = 0.07673, F 22 = 0.5528; Cylinder: F 2 i = 0.03431, F 22 =0.80. 

(2) That both furnace configurations provided identical results may not, at first, be intuitively obvious. 
Since both furnaces (A 2 ) are black, they can be represented by the hypothetical black area A 3 (the 
opening of the furnaces). As such, the analysis is for an enclosure with the workpiece (Aj), the 
furnace represented by the disk A 3 (at T 2 ), and the surroundings. As an exercise, perform this 
analysis to confirm the above results. 







PROBLEM 13.26 


KNOWN: Furnace constructed in three sections: insulated circular (2) and cylindrical (3) sections, 
as well as, an intermediate cylindrical section ( 1 ) with imbedded electrical resistance heaters. 
Cylindrical sections (1,3) are of equal length. 

FIND: (a) Electrical power required to maintain the heated section at Ti = 1000 K if all the surfaces 
are black, (b) Temperatures of the insulated sections, T 2 and T 3 , and (c) Compute and plot q |, T 2 and 
T 3 as functions of the length-to-diameter ratio, with 1 < L/D < 5 and D = 100 mm. 

SCHEMATIC: 



ASSUMPTIONS: (1) All surfaces are black, (2) Areas (1, 2, 3) are isothermal. 

ANALYSIS: (a) To complete the enclosure representing the furnace, define the hypothetical surface 
A 4 as the opening at 0 K with unity emissivity. For each of the enclosure surfaces 1, 2, and 3, the 
energy balances following Eq. 13.13 are 

0l = A 1^T2 ( E bl “ E b2 ) + A l^l3 ( E bl - E b3 ) + ^^4 + ( E bl ~ E b4 ) C 1 ) 

0 = A 2 E 21 ( E b2 “ E bl) + A 2 E 23 ( E b2 _ E b3 ) + A 2*24 ( E b2 _ E b4 ) ( 2 ) 

0 = A 3*M ( E b3 ~ E bl) + A 3 E 32 ( E b3 “ E b2 ) + A 3*34 ( E b3 _ E b4 ) ( 3 ) 

where the emissive powers are 


Em =crTi 


E b2 = aT 2 E b3 = aT 3 


E hA =0 


(4-7) 


For this four surface enclosure, there are N =16 view factors and N (N - l)/2 = 4 X 3/2 = 6 must be 
directly determined (by inspection or formulas) and the remainder can be evaluated from the 
summation rule and reciprocity relation. By inspection, 

F22=0 F 44 = 0 (8,9) 

From the coaxial parallel disk relation, Table 13.2, find F 24 

I + R 4 l + (0.250)“ 

S = 1 +--^ = 1 +—--— = 18.00 

R 2 (0.250) 2 


R 2 (0.250f 

R 2 =r 2 /L = 0.050 m /0.200 m = 0.250 


R 4 =r 4 /L = 0.250 


%=0.5S-[S‘-4(r 4 /r 2 r 
F 24 =0.5 |l 8.00- 18.00 2 -4(1) 2 


= 0.0557 


Consider the three-surface enclosure 1 - 2- 2' and find F| 1 as beginning with the summation rule, 


Continued 








PROBLEM 13.26 (Cont.) 


Fll = l ~ F l2 -Fl2' 

where, from symmetry, Fj 2 = Fj 2 ', an d using reciprocity, 

F l2 =A 2 F 2l /A l = [nD 2 / 4)F 23 / (ttDL/ 2) = DF 21 / 2L 

and from the summation rule on A 2 

% = 1 -F 2 2'= 1 -0. 1 72 = 0.828, 

Using the coaxial parallel disk relation, Table 13.2, to find F 22 U 


t 1 + R 2 ' , 1 + 0.50“ ^ 

= 1 +-— = 1 +-= 6 . 

R 2 0.50“ 


000 


R 2 =r 2 /L = 0.050m/(0.200/2m) = 0.500 

il/ 2 l 


R 2 ' = 0.500 


F 22 '=0.5 S- 


s -4(r 2 '/r 2 y 


F 22 '=0.5 6 - 


6 “-4(1)" 


1/2 


= 0.1716 


( 11 ) 


( 12 ) 


(13) 


Evaluating F 12 from Eq. (12), find 

Fj 2 = 0.100 mx0.828/2x0.200 m = 0.2071 
and evaluating Fj ] from Eq. (11), find 

F)j =1-2 x ^ 2 =1-2x0.207 = 0.586 

From symmetry, recognize that F 33 = Fj 1 and F 43 = F 21 . To this point we have directly determined 
six view factors (underlined in the matrix below) and the remaining Fy can be evaluated from the 
summation rules and appropriate reciprocity relations. The view factors written in matrix form, [Fjj] 
are. 


0.5858 

0.2071 

0.1781 

0.02896 

0.8284 

0 

0.1158 

0.05573 

0.1781 

0.02896 

0.5858 

0.2071 

0.1158 

0.05573 

0.8284 

0 


Knowing all the required view factors, the energy balances and the emissive powers, Eqs. (4-6), can 
be solved simultaneously to obtain: 

q : = 255 W E b2 = 5.02xl0 4 W/m“ E b3 = 2.79xl0 4 W/m 2 < 

T 2 = 970 K T 3 = 837.5 K < 


Continued 




PROBLEM 13.26 (Cont.) 


(b) Using the energy balances, Eqs. (1-3), along with the IHTRadiation Tool, View Factors, Coaxial 
parallel disks, a model was developed to calculate qj, T 2 , and T 3 as a function of length L for fixed 
diameter D = 100 m. The results are plotted below. 



Overall length, L (mm) 
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Overall length, L (mm) 

■e— Bottom surface, T2 
-A— Cylindrical section, T3 


For fixed diameter, as the overall length increases, the power required to maintain the heated section 
at Ti = 1000 K decreases. This follows since the furnace opening area is a smaller fraction of the 
enclosure surface area as L increases. As L increases, the bottom surface temperature T 2 increases as 
L increases and, in the limit, will approach that of the heated section, Ti = 1000 K. As L increases, 
the temperature of the insulated cylindrical section, T 3 , increases, but only slightly. The limiting 
value occurs when Ei -,3 = 0.5 X Ebi for which T 3 —> 840 K. Why is that so? 









PROBLEM 13.27 


KNOWN: Dimensions and temperature of a rectangular fin array radiating to deep space. 
FIND: Expression for rate of radiation transfer per unit length from a unit section of the array. 

SCHEMATIC: 





A = W 


ASSUMPTIONS: (1) Surfaces may be approximated as blackbodies, (2) Surfaces are isothermal, (3) 
Length of array (normal to page) is much larger than W and L. 

ANALYSIS: Deep space may be represented by the hypothetical surface A3, which acts as a 

blackbody at absolute zero temperature. The net rate of radiation heat transfer to this surface is 
therefore equivalent to the rate of heat rejection by a unit section of the array. 

qi = a; % o (t/ - t 3 4 )+a 2 F73 c (t 2 4 - t 4 ) 

With A2 F23 = A3 F32 = Aj Fj2, Tj = T2 = T and T3 = 0, 

q3 = (Fj 3 + fq 2 )< 7 T 4 = WffT 4 < 


Radiation from a unit section of the array corresponds to emission from the base. Hence, if blackbody 
behavior can, indeed, be maintained, the fins do nothing to enhance heat rejection. 

COMMENTS: (1) The foregoing result should come as no surprise since the surfaces of the unit 
section form an isothermal blackbody cavity for which emission is proportional to the area of the 
opening. (2) Because surfaces 1 and 2 have the same temperature, the problem could be treated as a 
two-surface enclosure consisting of the combined (1,2) and 3. It follows that q3 = qjq p = A|q t ^ 

F ( i 2 )3<7 T 4 =A' 3F 3(u) <7 T 4 =WaT 4 , (3) If blackbody behavior cannot be achieved 
(£\,£2 < l)^ enhancement would be afforded by the fins. 



PROBLEM 13.28 


KNOWN: Dimensions and temperatures of side and bottom walls in a cylindrical cavity. 
FIND: Emissive power of the cavity. 

SCHEMATIC: 



ASSUMPTIONS: (1) Blackbody behavior for surfaces 1 and 2 
ANALYSIS: The desired emissive power is defined as 

E = 93 / A 3 

where 

q3 = A 1 % E bl + A 2 ^23 E b 2 - 

From symmetry, F 23 = F 21 , and from reciprocity, F 21 = (A 1 /A 2 ) F 12 . With F 12 = 1 - F 13 , it follows 
that 

03 =A l F 13 E bl+ A l( 1 - F l3) E b2 =A l E b2+ A l F l3( E bl- E b2)- 
Hence, with Aj = A 3 , 

E = = E b2 + Fj 3 (E bl - E b2 ) = aT 2 4 + Fj 3 cr (T, 4 - T 2 4 ). 

From Fig. 13.15, with (L/p) = 4 and (rj/L) = 0.25, F 13 ~ 0.05. Hence 

E = 5.67 x 10~ 8 W / m 2 ■ K 4 + 0.05 x 5.67 x 10~ 8 W / m 2 ■ K 4 (l000 4 - 700 4 ) K 4 

E = 1.36xl0 4 W/m 2 +0.22xl0 4 W/m 2 
E = 1.58xl0 4 W/m 2 . 


< 




PROBLEM 13.29 


KNOWN: Aligned, parallel discs with prescribed geometry and orientation. 
FIND: Net radiative heat exchange between the discs. 

SCHEMATIC: 




— D a =0.2. rn 

— D/ - O.ISm 

Ring-shaped disc 
A z , 7^ = 2 OOOK 


> 



A 1 ,T 1 = S00K,D 1 =30rr7?n 


ASSUMPTIONS: (1) Surfaces behave as blackbodies, (2) Aj « A 2 . 


ANALYSIS: The net radiation exchange between the two black surfaces follows from Eq. 13.13 
written as 


912 =A 1 ^2 cr ( T l 4_T 2 )• 


The view factor can be determined from Eq. 13.8 which is appropriate for a small disc, aligned and 
parallel to a much larger disc. 




D 2 +4L 2 


where Dj is the diameter of the larger disk and L is the distance of separation. It follows that 
1^2 =Ilo “FT! =0.00990-0.00559 = 0.00431 

where 

]q 0 =D 4 /(D 2 +4L 2 ) = 0.2 2 m 2 /(o.2 2 m 2 +4xl m 2 ) = 0.00990 
Fp = Dj /^D 2 +4L 2 ) = 0.15 2 m 2 /(o.l5 2 m 2 +4x1 m 2 ) = 0.00559. 


The net radiation exchange is then 


912 


n (0.03m) 2 
4 


x0.0043lx5.67x10 8 


o w ( 500 4 - 1000 4 )k 4 

m“ •K 4 ' 


-0.162W. 


COMMENTS: F 12 can be approximated using solid angle concepts if D 0 « L. That is, the view 
factor for Ai to A 0 (whose diameter is D 0 ) is 


c ©o-l _ A o / L - _ _ Dq 

Uo ~ “ “ 9 _ 9 • 

n k An\7 4L Z 

Numerically, Fi 0 = 0.0100 and it follows Fp » D 2 / 4L 2 = 0.00563. This gives F i2 = 0.00437. An 
analytical expression can be obtained from Ex. 13.1 by replacing the lower limit of integration by 
Di/2, giving 


lT2=L z 


-1/(d 2 /4 + L 2 ) + 1/(d 2 /4 + L 2 ) 


0.00431. 



PROBLEM 13.30 


KNOWN: Two black, plane discs, one being solid, the other ring-shaped. 

FIND: Net radiative heat exchange between the two surfaces. 

SCHEMATIC: 

-Vi = 40cm 

A 2 Jfl000K- 

A 1 Jl=300K 

D n = 80cm 



ASSUMPTIONS: (1) Discs are parallel and coaxial, (2) Discs are black, diffuse surfaces, (3) 
Convection effects are not being considered. 

ANALYSIS: The net radiative heat exchange between the solid disc, Aj, and the ring-shaped disc, 
A 2 , follows from Eq. 13.13. 

qi2 =A i ]f i2 cr ( T i 4_T 2) 


The view factor F 12 can be determined from Fig. 13.5 after some manipulation. Define these two 
hypothetical surfaces; 


Aq = ■ 


n d; 


-, located co-planar with A 2 , but a solid surface 


7TD; 

A 4 =-, located co-planar with A 2 , representing the missing center. 

4 

From view factor relations and Fig. 13.5, it follows that 
fi 2 = I 13 - Fi 4 = 0 - 62 -°- 20 = 0 - 42 


Jj 40/2 


F14: - = ■ 

L 20 


= 1 , 


20 


rj 80/2 


= 0.5, 


. r j 80/2 

^ 13 . — =- 

L 20 


= 2 , 


20 


rj 80/2 


= 0.5, 


Hence 


Fj 4 = 0.20 

143 = 0 . 62 . 


q 12 = |?r0.80“ /4)m 2 x0.42x5.67x10 8 W/m 2 • K 4 (300 4 -1000 4 )k 4 


q 12 =-11.87 kW. < 

Assuming negligible radiation exchange with the surroundings, the negative sign implies that q | = - 
11.87 kW and q 2 = +11.87 kW. 



PROBLEM 13.31 


KNOWN: Radiometer viewing a small target area (1), Aj, with a solid angle to = 0.0008 sr. Target 

2 

has an area Ai = 0.004 m and is diffuse, gray with emissivity £ = 0.8. The target is heated by a ring- 
shaped disc heater (2) which is black and operates at T 2 = 1000 K. 

FIND: (a) Expression for the radiant power leaving the target which is collected by the radiometer in 
terms of the target radiosity, Jp and relevant geometric parameters; (b) Expression for the target 
radiosity in terms of its irradiation, emissive power and appropriate radiative properties; (c) 
Expression for the irradiation on the target, Gp due to emission from the heater in terms of the heater 
emissive power, the heater area and an appropriate view factor; numerically evaluate Gp and (d) 
Determine the radiant power collected by the radiometer using the foregoing expressions and results. 

SCHEMATIC: 

Radiometer 

= 0.5 m 
= 0.25 m 

Heater, A 2 
T 2 = 1000 K, e 2 = 1 




ASSUMPTIONS: (1) Target is diffuse, gray, (2) Target area is small compared to the square of the 
separation distance between the sample and the radiometer, and (3) Negligible irradiation from the 
surroundings onto the target area. 


ANALYSIS: (a) From Eq. (12.5) with 1 1 = Ij e+r = Jj/jt, the radiant power leaving the target collected 
by the radiometer is 


41—>rad ^1 cos ^l <y rad-l 

7T 


< ( 1 ) 


where 0i = 0° and C0 ra d-i is the solid angle the radiometer subtends with respect to the target area, 
(b) From Eq. 13.16, the radiosity is the sum of the emissive power plus the reflected irradiation. 

J 1 =E 1 +pG 1 =£E bl +(l-£)G 1 < (2) 

4 

where E b j = <7 T^ and p = 1 - £ since the target is diffuse, gray. 


(c) The irradiation onto Gi due to emission from the heater area A 2 is 

^ 42—>1 

G 1 = 7 - 

A 1 

where q 2 ->i is the radiant power leaving A 2 which is intercepted by Ai and can be written as 

42 h >1 =A 2 P 21 E b 2 ( 3 ) 

4 

where E b 2 = c T 2 . F 21 is the fraction of radiant power leaving hi which is intercepted by Ap The 
view factor F 12 can be written as 


Continued 






PROBLEM 13.31 (Cont.) 


^2 = *[-o 

where from Eq. 13.8, 


Jq_i =0.5-0.2 = 0.3 


*l-o =- 


Dr 


0.5“ 


Dq + 4L“" 0.5^+4(0.25)“ 


= 0.5 


( 3 ) 


D f 0.25 

p^_. =_ 1 _=_ 

D 2 +4L 2 0.25 2 +4(0.25)" 

and from the reciprocity rule, 


= 0.2 


*21 = 


A l*i2 


0.0004m-x 0.3 


= 0.000815 


A 2 x / 4 |o.5 2 - 0.25 2 j m 2 

Substituting numerical values into Eq. (3), find 

;r/4(o.5 2 -0.25 2 jm 2 x 0.000815x5.67 xlO -8 W/m 2 • K 4 (1000 K) 4 


Gj = 


0.0004 m 


Gj = 17,013 W/m 2 < 

(d) Substituting numerical values into Eq. (1), the radiant power leaving the target collected by the 
radiometer is 

Ol^rad = ^6238 W /m 2 /7rsrjx 0.0004m 2 X lx0.0008 sr = 635/rW < 

where the radiosity, Jj, is evaluated using Eq. (2) and Gj. 

= 0.8x5.67 xlO -8 W/m 2 K 4 x(500 K) 4 +(l-0.8)xl7,013W/m 2 

J! =(2835+ 3403) W/m 2 =6238 W/m 2 < 

COMMENTS: (1) Note that the emitted and reflected irradiation components of the radiosity, Jj, are 
of the same magnitude. 

(2) Suppose the surroundings were at room temperature, T sur = 300 K. Would the reflected 
irradiation due to the surroundings contribute significantly to the radiant power collected by the 
radiometer? Justify your conclusion. 



PROBLEM 13.32 


KNOWN: Thin-walled, black conical cavity with opening D = 10 mm and depth of L = 12 mm that 
is well insulated from its surroundings. Temperature of meter housing and surroundings is 25.0°C. 

2 

FIND: Optical (radiant) flux of laser beam, G 0 (W/m ), incident on the cavity when the fine-wire 
thermocouple indicates a temperature rise of 10.1°C. 

SCHEMATIC: 




ASSUMPTIONS: (1) Cavity surface is black and perfectly insulated from its mounting material in 
the meter, (2) Negligible convection heat transfer from the cavity surface, and (3) Surroundings are 
large, isothermal. 

ANALYSIS: Perform an energy balance on the walls of the cavity considering absorption of the 
laser irradiation, absoiption from the surroundings and emission. 

^in ~ E ou t = 0 


A o G 0 + A 0 G sur A 0 (T c ) — 0 

2 

where A 0 = n D /4 represents the opening of the cavity. All of the radiation entering or leaving the 

cavity passes through this hypothetical surface. Hence, we can treat the cavity as a black disk at T c . 

4 -8 2 4 

Since G sur = Ej, (T sur ), and E^ = a T with c = 5.67 x 10 W/m K , the energy balance has the form 
G 0 + ct( 25.0 + 273) 4 K 4 - <r(25.0 +10.1 + 273) 4 K 4 = 0 


G 0 = 63.8 W/m 2 


< 





PROBLEM 13.33 


KNOWN: Electrically heated sample maintained at T s = 500 K with diffuse, spectrally selective 
coating. Sample is irradiated by a furnace located coaxial to the sample at a prescribed distance. 
Furnace has isothermal walls at Tf = 3000 K with £f = 0.7 and an aperture of 25 mm diameter. 

9 

Sample experiences convection with ambient air at Too = 300 K and h = 20 W/m K. The 
surroundings of the sample are large with a uniform temperature T sur = 300 K. A radiation detector 
sensitive to only power in the spectral region 3 to 5 pm is positioned at a prescribed location relative 
to the sample. 


FIND: (a) Electrical power, P e , required to maintain the sample at T s = 500 K, and (b) Radiant power 
incident on the detector within the spectral region 3 to 5 pm considering both emission and reflected 
irradiation from the sample. 


SCHEMATIC: 



0.8 - 

0.2 - - 

_ I w 

4 X (nm) 


ASSUMPTIONS: (1) Steady-state condition, (2) Furnace is large, isothermal enclosure with small 
aperture and radiates as a blackbody, (3) Sample coating is diffuse, spectrally selective, (4) Sample 
and detector areas are small compared to their separation distance squared, (5) Surroundings are large, 
isothermal. 


ANALYSIS: (a) Perform an energy balance on the sample mount, which experiences electrical 
power dissipation, convection with ambient air, absorbed irradiation from the furnace, absorbed 
irradiation from the surroundings and emission, 


mi 


" E out — 0 


°-Pf 


a sufisur 


F e + [ h(T s T^ ) + (ZjGf + (Z sur G sur £E b (T s )]A s _0 (1) 
where E b (T s ) = a T s ^ and A s = 7rDg / 4. 


qcv \ l 1 /, 

rrfffTTTTl'fm 

'V P e . 


eE i> 

-Ts 


Irradiations on the sample : The irradiation from the furnace aperture onto the sample can be written 
as 


Gf = 


qf_»s _ A f F fs E b,f _ A f Ff s (7Tf 


( 2 ) 


2 2 

where Af = 7rDf / 4 and A s = 7 tD s / 4. The view factor between the furnace aperture and sample 
follows from the relation for coaxial parallel disks, Table 13.2, 


R f =r f /L sf =0.0125 m/0.750 m = 0.01667 R s = r s /L sf =0.0100 m/0.750 m = 0.01333 

1 + R 2 1 + 0.01333 2 
S = l +--^ = 1 +-— = 3600.2 


RJ 


0.01667" 
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The irradiation from the surroundings which are large compared to the sample is 
G sur = crT 4 ur = 5.67 x 10“ 8 W / m 2 • K (300K) 4 = 459 W / m 2 

Emissivity of the Sample: The total hemispherical emissivity in terms of the spectral distribution can 
be written following Eq. 12.38 and Eq. 12.30, 

£ = J 0 e A E 2,b (T s )dA/crT 4 = £iF( 0 _^t s ) + 1 “ F (0-A,T s ) 

£ = 0.8x 0.066728 + 0.2 [l - 0.066728] = 0.240 

where, from Table 12.1, with A : T S =4 pmx500 K = 2000 pm-K, F( 0 _ Ax ) = 0.066728. 

Absorptivity of the Sample: The total hemispherical absorptivity due to irradiation from the furnace 
follows from Eq. 12.46, 

Of = £iF(o— A,T r ) + e 2 1 - ) = °- 8 x 0.945098 + 0.2 [l - 0.945098] = 0.767 

where, from Table 12.1, with A,T f = 4pmx3000 K = 12,000 pm-K, F( 0 _^ x ) = 0.945098. The 
total hemispherical absorptivity due to irradiation from the surroundings is 

a sur =e l F (0-A|T sur ) + e 2 l_F (0-A|T sur ) = 0.8x0.00234 + 0.2 [l -0.002134] = 0.201 
where, from Table 12.1, with A,T sur =4 pmx300 K = 1200 pm-K,Ft 0 _ XT ^ =0.002134. 

Evaluating the Energy Balance: Substituting numerical values into Eq. (1), 

P e = +20 W / m 2 • K (500 - 300) K - 0.767 x 1277 W / m 2 

-0.201x459 W/m 2 + 0.240x5.67xl0“ 8 W/m 2 • K 4 (500 K) 4 7r (0.020 m) 2 /4 

P e =1.256 W-0.308 W-0.029 W+ 0.267 W = 1.19 W < 

(b) The radiant power leaving the sample which is incident on the detector and within the spectral 
region, AA = 3 to 5pm. follows from Eq. 12.5 with Eq. 12.30, 

Os-d.AA = [ F s,AA + F 'f,ref,AA + ^sur.ref.AA](^ 7r ) J ^s cos ^s' cos ^d / F sd 
where 0 S = 45° and 0 L | = 0°. The emitted component is 

Es,AA=J3 A ' m£ A,bEA,b(T s ) 

E s ,AA ={ e l [ F (0-4p m ,T s ) _F (0—3pm,T s )+£ 2 F (0-5pm,Tj _ ^0-4pm,Tj]} aT s 4 
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PROBLEM 13.33 (Cont.) 


E s,AA = {°- 8 [0.066728-0.013754] + 0.2 [0.16169 -0.066728]}(J (500K) 4 = 217.5 W/ m 2 

where, from Table 12.1, tf 0 -3pm.T s ) = 0-013754 at AT = 3pmx500 K = 1500 pm-K; 

F (0-4pm T ) = 0.066728 at A = 4 pm x 500 K = 2000 //m- K; and F(o-5/im T ) = 0.16169 at AT = 

5(am x 500 K = 2500 pm-K. 

The reflected irradiation from the furnace component is 
G f,ref,AA = j 3 ^ ( 1 “ e A) G f,A d ^ 
where Gf ^ ~ E^ b(Tf), using band emission factors, 

G f,ref,AA = {( 1_e ) ^0-4pm,T f ) _F (0-3pm,T f ) + ( 1_e 2) F (0-5pm,T f ) _P to-4pm,T f )]} G f 

G f ref ,AA = {°- 2 [°- 9451 - 0.8900] + 0.8 [0.9700 - 0.945 l]}l277W / m 2 = 39.51W / m 2 
where, from Table 12.1, F( 0 _ 3/Un Tf ) = 0.8900 at AT f = 3 pm x 3000 K - 9000 pm-K; 

F (0-4pm Tf ) = 0-9451 at ATf = 4 pm x 3000 K = 12,000 pm-K; and, F(o- 5 pm T f ) = 0.9700 at ATf = 
5 pm x 3000 K = 15,000 pm-K. 

The reflected irradiation from the surroundings component is 
G sur,ref,AA = J 3 (l — ^A X^ref ,A d2 - 

where G re f ^ ~ E^ (T sur ), using band emission factors, 

G sur,ref,AA = {(l _ e l) F (0-4pm,T sur ) _ F (0-3pm,T sur ) 

+ (1 ~ e 2 )|_ F (0-5pm,T sur ) _ F (0-4pm,T sur ) J G sur 
G sur,ref ,AA ={0.2[0.002134-0.0001685]-0.8[0.013754-0.002134]}459 W/m 2 = 4.44W/m 2 

where, from Table 12.1, F (o-3pm T sur ) = 0.0001685 at AT sur = 3 pm x-300 K = 900 pm-K; 

F (0-4pm T sur ) = 0-002134 at AT sur = 4 pm x 300 K = 1200 pm-K; and F (o-5pm T sur ) = 0.013754 at 
AT sur = 5 pm x300 K=1500 pm-K. Returning to Eq. (3), find 

4sd,AA = [217.5 + 39.51 + 4.44]W/m 2 (l/7T) 8 tt( 0.020 m) 2 /4 

cos45°x8xl0“ 5 m 2 xcos0°/(l m) 2 =1.48 pW < 

9 

COMMENTS: (1) Note that Ff s is small, since Af, A s « L s) . As such, we could have evaluated 

qf-^s using Eq. 12.5 and found 

E b,f /^A.f ( A s /L 2 f ) 

G f =---- = 1276 W /in 

A s 

(2) Recognize in the analysis for part (b), Eq. (3), the role of the band emission factors in calculating 
the fraction of total radiant power for the emitted and reflected irradiation components. 



PROBLEM 13.34 


KNOWN: Water-cooled heat flux gage exposed to radiant source, convection process and 
surroundings. 

FIND: (a) Net radiation exchange between heater and gage, (b) Net transfer of radiation to the gauge 
er unit area of the gage, (c) Net heat transfer to the gage per unit area of gage, (d) Heat flux indicated 
y gage described in Problem 3.98. 


SCHEMATIC: 



L=0.3m 


'J)^- 2 . 00 mm f £.^=1 ) ~Tf 7 = QOOK 

Hea~hen 

G-age 



l^=27°C=300K\ /f ““ l 

h-lSV\l/m z K 



X nr --27Z--Z00K- 


D s =10mm l e g -l l l^=17°C=Z90K 


ASSUMPTIONS: (1) Heater and gauge are parallel, coaxial discs having blackbody behavior, (2) A g 
« Ah, (3) Surroundings are large compared to Ah and A a . 

ANALYSIS: (a) The net radiation exchange between the heater and the gage, both with blackbody 
behavior, is given by Eq. 13.13 having the form 

9h-g = Ah ^hg ® ( i fi - Tg ) = Ag Fgh c |t^ - Tg j. 

Note the use of reciprocity, Eq. 13.3, for the view factors. From Eq. 13.8, 


Fgh=Dh/(4L 2 +DH 


(4L 2 +Dj5) = (0.2m) 2 /( 


4x0.5 2 m 2 +0.2 2 m 2 


)- 


0.0385. 


4h-t 


-( 


^0.01 2 m 2 /4)x0.0385x5.67xl0 8 W/m 2 K 4 


800 4 - 290 4 


= 69.0 mW. 


(b) The net radiation to the gage per unit area will involve exchange with the heater and the 
surroundings. Using Eq. 13.14, 

9net,rad = — 9g I Ag = 9h-g ! Ag + 9sur-g ! Ag. 

The net exchange with the surroundings is 


Osur-g A sur F sur _g <J |t suj . Tg 4 


Ag Fg-sur ® 


f 4 _j4 
( A sur L g )■ 


9 net, rad 


69.0x10 3 W 


n (0.01 m) 2 / 4 


+ (1-0.0385)5.67x10 8 W/m 2 -K 4 (300 4 -290 4 )fC 4 = 934.5 W/i 


(c) The net heat transfer rate to the gage per unit area of 
the gage follows from the surface energy balance 

0 //. # 

H net,in — 4 'net,rad + 4conv 

q' et ,in = 934.5 W/m 2 + 15W/m 2 • K(300-290)K 




l 


h(to-T g ) 

K _ j j ^ 


qnet.in = 1085 W / m 2 . < 

(d) The heat flux gage described in Problem 3.98 would experience a net heat flux to the surface of 

i 4 2 

1085 W/m . The irradiation to the gage from the heater is G g = qh->g/A g = F g h cTjj = 894 W/m . 
Since the gage responds to net heat flux, there would be a systematic error in sensing irradiation from 
the heater. 






PROBLEM 13.35 


KNOWN: Long cylindrical heating element located a given distance above an insulated wall 
exposed to cool surroundings. 

FIND: Maximum temperature attained by the wall and temperature at location A. 


SCHEMATIC: 



1=40 mm 

1 


— R-lOmm 

^ Yj *—/-/eating element } Tfa = 700K 




~T sur -300K L~ 


Insulated wall 


0 


40 


-> x(mm) 


ASSUMPTIONS: (1) Steady-state conditions, (2) Insulated wall, (3) Negligible conduction in wall, 
(4) All surfaces are black. 


ANALYSIS: Consider an elemental area at point 
x = 0; this is the location that will attain the maximum 
temperature. Since the wall is insulated and 
conduction is negligible, the net radiation leaving 
dA 0 is zero. From Eq. 13.13, 



% — %,h + 4o,sur — F 0 h ® j + F o,sur ( F 0 T sur j — 0 


( 1 ) 


where F o sur = 1 - F 0; h and F 0 ,h can be found from the relation for a cylinder and parallel rectangle, 
Table 13.1, with si = 2 mm, S 2 = 0 mm, L = 40 mm, and r = R = 10 mm. 


F o,h — ' 


S 1 -s 2 


-1 sj _i s 2 
tan-tan — 


10mm 


2 mm -0 


-1 2 _i 

tan-tan 0 


40 


= 0.25 


Rearranging Eq. (1) and substituting numerical values, find 


T 4 = 


T 


Th + 


(l-F 0 ,h) 


X 


sur 


o,h 

(700 K) 4 + 


1 + - 


1-F, 


o,h 


L),h 


4 1-0.25 


0.25 


(300 Kf 



r 1-0.25] 

/ 

1 + 


0.25 


T 0 = 507 K. 


( 2 ) 


(3) 


For the point A located at x = 40 mm, use the same relation of Table 13.1 to find FA,h (for this point, 
si = 41 mm, S 2 - 39 mm, r = R = 10 mm, L = 40 mm), 


F A,h = 


10 mm 


(41-39)mm 


_1 41 _i 39 

tan-tan — 

40 40 


= 0.125. 


Substituting numerical values into Eq. (3), find 



z x 4 1 — 0.125 / ^4 

(700 Kf +-(300 Kf 

0.125 


, 1-0.125 

1 +- 

0.125 


T a = 439 K. 


< 


COMMENTS: Note the importance of the assumptions that the wall is insulated and conduction is 
negligible. In calculating F a h and F_ 4 .l 1 we arc finding the view factor for a small area or point. 
Hence, we need only specify that si - S 2 is very small compared to L. 



PROBLEM 13.36 


KNOWN: Diameter and pitch of in-line tubes occupying evacuated space between parallel plates of 
prescribed temperature. Temperature and flowrate m of water through the tubes. 

FIND: (a) Tube surface temperature T s for m = 0.20 kg/s, (b) Effect of m on T s . 


SCHEMATIC: 


sT p = 1000 K 


S = 20 mm 


0 0 0 0 r: 

D 15 mm r vacuum 


300 K, m 


-T p = 1000 K 


ASSUMPTIONS: (1) Surfaces behave as blackbodies, (2) Negligible tube wall conduction 
resistance, (3) Fully-developed tube flow. 

PROPERTIES: Table A-6 , water (T m = 300 K): p = 855 x 10' 6 N-s/m 2 , k = 0.613 W/m-K, Pr = 5.83. 


ANALYSIS: (a) Performing an energy balance on a single tube, it follows that q ps = q conv , or 
ApF ps a(T p 4 -T s 4 ) = hA s (T s -T m ) 

From Table 13.1 and D/S = 0.75, the view factor is 

r t“|1/2 f o \l /2 

(D f (D 4 _! S--D 2 | 

F„ c =1- 1-| — | +| — |tan - I =0.881 


F nc =1-1- — + — tan - 

P S S n 2 


With Re D = 4m/ JiD/u, = 4(0.20 kg/s)/ 7 T (0.015m)855xl0 6 N s/m 2 = 19,856, fully-developed 
turbulent flow may be assumed, in which case Eq. 8.60 yields 

k/_ 4/5 „ 0.4 \ 0.613 W /m • K ,_ w _, 4 / 5 ,_m .4 . 7 „ 


h = —|o.023ReD /5 Pr a4 ) = 


0.015m 


(0.023)(l9,856) /o (5.83) =5220W/m 2 K 


Hence, with (A p /A s ) = 2 S/tiD = 0.849, 


_ F ps g A p / t 4 4 ) 0-881x5.67x10 8 W/m 2 -K 4 

1 s i m , . I A s I 9 

h A s 5220 W /m~ • K 


(0.849)( 


4 _ 4 1 
P j 


With T m = 300 K and T p = 1000 K, a trial-and-error solution yields 


T s = 308 K 


(b) Using the Correlations and Radiation Toolpads of IHT to evaluate the convection coefficient and 
view factor, respectively, the following results were obtained. 


8 320 

2 


■c 310 



Mass flowrate, m dot (kg/s) 


The decrease in T s with increasing m is due to an increase in h and hence a reduction in the convection 


resistance. 


COMMENTS: Due to the large value of h, T s « T p . 




PROBLEM 13.37 


KNOWN: Insulated wall exposed to a row of regularly spaced cylindrical heating elements. 
FIND: Required operating temperature of the heating elements for the prescribed conditions. 

SCHEMATIC: 


Heating 
element ; 
D-lOmm 



I—T,=300K 


* k- *\-s=ZOmm\ 

os®* o Q® © 


miUmii/M/m/ IIIIMIIIillMfL.. 


ASSUMPTIONS: (1) Upper and lower walls are isothermal and infinite, (2) Lower wall is insulated, 
(3) All surfaces are black, (4) Steady-state conditions. 

ANALYSIS: Perform an energy balance on the insulated wall considering convection and radiation. 
Fin — F out = — 4l ~ Oconv = 0 


where q[ is the net radiation leaving the insulated 
wall per unit area. From Eq. 13.13, 


(t, 4 -t 2 4 


) 


° l \ ~ 4le + 412 - fie 0- ( T l 4 — T tf ) + I l2 cr ( 
where F 12 = 1 - Fi e . Using Newton’s law of cooling for q£ onv solve for T e , 

-(ti 4 -t 2 4 ) 


?;»A pL jl'le 


T 4 = 
A e 


T 4^(l-Fle) 
M +—- 




The view factor between the insulated wall and the tube row follows from the relation for an infinite 
plane and row of cylinders, Table 13.1, 

~il/2 f \l/2 


Fie =1 


Fie =1- 


1 


1- 


f D 

VS; 


f 10 

V 20 ; 


'D ^ 


tan 


-1 


2 ^2 

s -D 


D 4 


) 


il/2 


f 10 ^ 
V20 j 


tan 


-1 


( 2 2 ^ 2 

1 20 “ - 10 2 


10 " 


= 0.658. 


Substituting numerical values, find 




, ,4 1 — 0.658 1 4 4 \ 4 

(500 Kf +- 500 4 -300 4 K 4 

0.658 V I 


200 W/m“ • K 


-x- 


5.67x10 8 W/m 2 • K 4 °- 658 


(500-450) K 


T e = 11A K. < 

COMMENTS: Always express temperatures in kelvins when considering convection and radiation 
terms in an energy balance. Why is Fi e independent of the distance between the row of tubes and the 
wall: 




PROBLEM 13.38 


KNOWN: Surface radiative properties, diameter and initial temperature of a copper rod placed in an evacuated 
oven of prescribed surface temperature. 

FIND: (a) Initial heating rate, (b) Time t|-, required to heat rod to 1000 K, (c) Effect of convection on heating 
time. 


SCHEMATIC: 


= 1650 K, h 



Rod (1) 


D = 0.01m 


Cu 


Tj = 300 K 


T sur= 1650 K' 


;• Oven 


ASSUMPTIONS: (1) Copper may be treated as a lumped capacitance, (b) Radiation exchange between rod and 
oven may be approximated as blackbody exchange. 

PROPERTIES: Table A-l , Copper (300 K): p = 8933 kg/m 3 , c p = 385 J/kg-K, k = 401 W/m-K. 

ANALYSIS: (a) Performing an energy balance on a unit length of the rod, Ej n = E st , or 


dT 

q = Mc p — = P 

p dt 


n D 


-xl 


dT 

dt 


Neglecting convection, q = q rac [ = A 2 F 21 <7 ^Tsur — T 4 j = A ] F 12 <7 ^Tsur — T 4 j, where A ] = 7tD x 1 and 


F\2=l. It follows that 


dT 

dt 


^d( T s 4 ur ~ T 4 ) 4o(T s 4 ur -T 4 ) 

p^D 2 /4jc p P Dc p 


dT 


(1650 K) 4 - (300 K) 4 


5.67x10 W /m" • K 


= 48.8 K/s. 


(1) 

< 


(b) 

(c) 


dt 


A 


8933 kg /m 3 (0.01 m)385 J/kg-K 


Using the IHT Lumped Capacitance Model to numerically integrate Eq. (2), we obtain 

t s = 15.0 s < 

I 4 4 \ 

With convection, q = q ra( j + q CO nv = A] Fjp cr I T sur - T I + hA ] (Too - T), and the energy balance becomes 


dT 4(7 ( T sur T ) 4h(T co -T) 
dt pD Cp pD Cp 

Performing the numerical integration for the three values of h, we obtain 

h(W/m 2 K): 10 100 500 

t h (s): 14.6 12.0 6.8 

COMMENTS: With an initial value of h rad;i = a (t 4 ,. - T 4 j /(T sur - T) = 3 11 W/m 2 K, Bi = h rad (D/4)/k = 

2 

0.002 and the lumped capacitance assumption is justified for parts (a) and (b). With h = 500 W/m -K and h + h r j 
= 811 W/m-K in part (c), Bi = 0.005 and the lumped capacitance approximation is also valid. 



PROBLEM 13.39 


KNOWN: Long, inclined black surfaces maintained at prescribed temperatures. 

FIND: (a) Net radiation exchange between the two surfaces per unit length, (b) Net radiation transfer 
to surface A 2 with black, insulated surface positioned as shown below; determine temperature of this 
surface. 

SCHEMATIC: 

A Z ,T Z = 800 K 

Pos ition of insulated- 
black surface ) A 3 ,l^ 

A^IOOOK — 


ASSUMPTIONS: (1) Surfaces behave as blackbodies, (2) Surfaces are very long in direction normal 
to page. 

ANALYSIS: (a) The net radiation exchange between two black surfaces is given by Eq. 13.13, 

912 = A 1 I T2 ct ( T l 4 — T 2 ) 

Noting that A| = widthxlength (/) and that from symmetry, F 12 = 0.5, find 

q' 12 =S f- = 0.1 mx 0.5 x5.67 xlO _ 8 W/m“ • K 4 (lOOO 4 -800 4 ^K 4 = 1680 W/m. < 

(b) With the insulated, black surface A 3 positioned as 
shown above, a three-surface enclosure is formed. From 
an energy balance on the node representing A 2 , find 

“92 =932 +912 

-g 2 = A 3 F 32 [E b3 -E b2 ] + A 1 Fi 2 [E bi -E b2 ]. 




To find E b 3 , which at present is not known, perform an energy balance on the node representing A 3 . 
Note that A 3 is adiabatic and, hence q 3 = 0, qi 3 = q 22 - 

A l^r3 [ E bl “ E b3 ] = A 3 F32 [E b3 - E b2 ] 


Since F 13 = F 23 = 0.5 and Aj = A 3 , it follows that 
Eb3=(l/2)[F b i + E b2 ] 

and ~92 =(A 3 /f)f 5 2 [(E bl + E b 2 )/2-E b2 ] + qi 2 


-q 2 = 0.1 mx 0.5x5.67x10 


’ W/m“ • K 4 


|l 000 4 + 800 4 j/ 2 - 


■800 


K 


+1680 W/m = 2517 W/m 


Noting that E b 3 = ctT 3 = (1/2) [E b i +E b2 ], it follows that 


T3 = 


(t 4 +T 4 )/2 1/4 = ( 


11000 4 +800 4 |/2 


1/4 


K = 916 K. 


< 


< 



PROBLEM 13.40 


KNOWN: Electrically heated tube suspended in a large vacuum chamber. 

FIND: (a) Electrical power supplied to the heater, P e , to maintain it at Tj = 127°C, and (b) Compute 
and plot P e as a function of tube length L for the range 25 < L < 250 mm for tube temperatures of T i 
= 127, 177 and 227°C. 

SCHEMATIC: 



ASSUMPTIONS: (1) All surfaces are blackbodies, (2) Tube of area Aj is isothermal, (3) The 
surroundings are very large compared to the tube. 

ANALYSIS: (a) Recognize that the surroundings can be represented by the surfaces A 2 and A 3 , 
which are blackbodies at T sur . This situation then permits calculation of necessary shape factors. 



The net radiative heat rate from the heater, surface Aj, follows from Eq. 13 . 14 , with T 2 = T 3 = T sur as 
Pe = qi = Aillzo- (t \ 4 - T 2 4 ) + Aft# 7 (t, 4 - T 3 4 ). (1) 

Note that F 12 = F 33 from symmetry considerations. Write now the summation rule for surface A 2 
F 21 + F 22 + F 23 =1 or F 21 =1_F 23 
where F 23 is determined from Fig. 13.5 using 

u. 

L 0.33 rj 0.75/2 

giving F 23 = 0.37. Hence F 2 i = 1 - 0.37 = 0.63. Using reciprocity, find now F 12 

xO.63 = 0.36. 

Noting that F 12 = F j 3 and that T 2 = T 3 , the electrical power using Eq. (1) with numerical values can 
be written as, 


A 


nD 2/4 „ ^(75“/4) 

-X r'o 1 — - 

ttDL k (75x33) 


Continued 




PROBLEM 13.40 (Cont.) 


P„ = 2 


7rx0.75mx0.33mx0.36x5.67x10 W/m -K 


(l27 + 273) 4 -(27 + 273) 4 


K = 555W. 


(b) Using the energy balance Eq. (1) of the foregoing analysis with the IHTRadiation Tool-View 
Factors, Coaxial parallel disks, P e was computed as a function of L for selected tube temperatures. 



As the tube length L increases, the heater power P e required to maintain the tube at Ti increases. 
Note that for small values of L, say L < 100 mm, P is linear with L. For larger values of L, P e is not 
linear with L. Why is this so? What is the relationship between P e and L for L » 300 mm? 




PROBLEM 13.41 


KNOWN: Two horizontal, very large parallel plates with prescribed surface conditions and 
temperatures. 

FIND: (a) Irradiation to the top plate, Gi, (b) Radiosity of the top plate, Jj, (c) Radiosity of the lower 
plate, J 2 , (d) Net radiative exchange between the plates per unit area of the plates. 

SCHEMATIC: 


Tl=1000K,a 1 =l 

T^SO0K,a z --O.& 




ASSUMPTIONS: (1) Plates are sufficiently large to form a two 
are diffuse-gray. 

ANALYSIS: (a) The irradiation to the upper plate is defined 
as the radiant flux incident on that surface. The irradiation to 
the upper plate Gi is comprised of flux emitted by surface 2 
and reflected flux emitted by surface 1 . 

G 1 =e 2 E b2+P2 E bl =£ 2 (jT 2 + ( l ~ £ 2) aT l 

Gi = 0.8x5.67xl0 -8 W/m“ • K 4 (1000 K) 4 + (1-0.8)x5.67x 10“ 8 W/m 2 K 4 (500 K) 4 

Gj = 2835 W/m“ +ll,340W/m 2 =14,175W/m 2 . < 

(b) The radiosity is defined as the radiant flux leaving the surface by emission and reflection. For the 
blackbody surface 1 , it follows that 

Jj = E bl = cjT 4 = 5.67 x 10 “ 8 W / m 2 • K 4 (1000 K) 4 = 56,700 W / m 2 . < 

(c) The radiosity of surface 2 is then, 

J 2 =e 2 E b2 +P2 G 2- 

Since the upper plate is a blackbody, it follows that G 2 = E b i and 

J 2 = £ 2 E bl + p 2 E bl = e 2 (7T 2 4 +1 (l - £ 2 ) ctT^ = 14,175 W / m 2 . < 

Note that J 2 = Gj. That is, the radiant flux leaving surface 2 (J 2 ) is incident upon surface 1 (Gi). 

(d) The net radiation heat exchange per unit area can be found by three relations. 

qj = Jj — Gj = (56,700 —14,175) W / m 2 = 42,525 W / m 2 

q[ 2 =Ji-J 2 = (56,700-14,175) W/m 2 =42,525 W/m 2 < 

The exchange relation, Eq. 13.24, is also appropriate with £j = 1, 

q \ = -Q 2 = qi 2 


surface enclosure and (2) Surfaces 



qf = £ 2 ct (t 4 - T 4 ) = 0.8 x 5.67 x 10 8 W / m 2 • K 4 (lOOO 4 - 500 4 ) K 4 = 42,525 W / m 2 . 



PROBLEM 13.42 


KNOWN: Dimensions and temperature of a flat-bottomed hole. 

FIND: (a) Radiant power leaving the opening, (b) Effective emissivity of the cavity, £ e , (c) Limit of 
E e as depth of hole increases. 

SCHEMATIC: 



ASSUMPTIONS: (1) Hypothetical surface A 2 is a blackbody at 0 K, (2) Cavity surface is 
isothermal, opaque and diffuse-gray. 

ANALYSIS: Approximating A 2 as a blackbody at 0 K implies that all of the radiation incident on A 2 
from the cavity results (directly or indirectly) from emission by the walls and escapes to the 
surroundings. It follows that for A 2 , £2=1 and J 2 = Eb 2 =0. 


(a) From the thermal circuit, the rate of radiation loss through the hole (A 2 ) is 


qi =( E bl - E b2)/ 


1 


i-gj _ 

e l A l A l*i2 


l ~ e 2 
+-— . 

e 2 A 2. 


( 1 ) 


Noting that F 21 = 1 and Aj F 12 = A 2 F 21 , also that 

A : = kD 2 / 4 + 7TDL = 7rD(D/4 + L) = 7T (0.006 m) (0.006 m / 4 + 0.024 m) = 4.807 X 10“ 4 m 2 

A 2 = ;rD 2 / 4 = K (0.006 m) 2 / 4 = 2.827 x 10“ 5 m 2 . 

4 

Substituting numerical values with Eb = oT , find 

1 - 0.8 1 
-1-b 0 

0.8 x 4.807 xl0“ 4 m 2 2.827 xl0“ 5 m 2 


q : =5.67x10 8 W/m 2 • K 4 |l000 4 -0jK 4 / 


qj =1.580 W. < 

(b) The effective emissivity, £ e , of the cavity is defined as the ratio of the radiant power leaving the 
cavity to that from a blackbody having the same area of the cavity opening and at the temperature of 
the inner surfaces of the cavity. For the cavity above, 

£ = qi 
e 4 

A 2 <tT 1 

£ e = 1.580W/2.827xl0“ 5 m 2 (5.67xl0“ 8 W/m 2 K 4 )(l000 K ) 4 =0.986. < 

(c) As the depth of the hole increases, the term (1 - £i)/£i Ai goes to zero such that the remaining term 
in the denominator of Eq. (1) is 1/Aj F 12 = I/A 2 F 21 . That is, as L increases, qi —> A 2 F 21 Ebi- This 
implies that £ e —> 1 as L increases. For L/D = 10, one would expect £ e = 0.999 or better. 



PROBLEM 13.43 

KNOWN: Long V-groove machined in an isothermal block. 

FIND: Radiant flux leaving the groove to the surroundings and effective emissivity. 

SCHEMATIC: 



ASSUMPTIONS: (1) Groove surface is diffuse-gray, (2) Groove is infinitely long, (3) Block is 
isothermal. 


ANALYSIS: Define the hypothetical surface A 2 with T 2 = 0 K. The net radiation leaving Aj, qi, 
will pass to the surroundings. From the two surface enclosure analysis, Eq. 13.23, 


qi = -q2 


(t, 4 -t 2 4 ) 


1-E] 


1 


1 —e 2 


e l A l A l I T2 e 2 A 2 

Recognize that £2 = 1 and that from reciprocity, A | F 12 = A 2 F 21 where F 21 = 1. Hence, 



A 2 1- £ 1 a 2 , 1 


£ 1 A 1 

With A 2 /Ai = 2 £ tan207(2f/cos20°) = sin20°, find 



qi 


5.67x10 8 W / m“ • K 4 |l000 4 — 0 j K 4 


(1-0.6) 

v --xsin 20°+ 1 

0.6 


= 46.17 kW/m 2 . 


< 


The effective emissivity of the groove follows from the definition given in Problem 13.42 as the ratio 
of the radiant power leaving the cavity to that from a blackbody having the area of the cavity opening 
and at the same temperature as the cavity surface. For the present situation, 


q\ _ qi _ 46.17 x 10 +3 W / m 2 

E b( T l) erf 5.67 x 10 -8 W / m 2 • K 4 (1000 K) 4 


< 


COMMENTS: Note the use of the hypothetical surface defined as black at 0 K. This surface does 
not emit and absorbs all radiation on it; hence, is the radiant power to the surroundings. 



PROBLEM 13.44 

KNOWN: Conical cavity formed in an isothermal, opaque, diffuse-gray material of emissivity £ and 
temperature T. 

FIND: Radiant power leaving the opening of the cavity in terms of T, £, r G , and L. 

SCHEMATIC: 



ASSUMPTIONS: (1) Material is opaque, diffuse-gray, and isothermal, (2) Cavity opening is 
hypothetical black surface at 0 K. 

ANALYSIS: Define A 0 , the opening of the cavity, as a black surface at T 0 = 0 K. Considering A 0 
and A c as a two surface, diffuse-gray enclosure, the radiant power leaving the cavity opening is 


^cavity _ Mo — [^b (T) Ep, (T 0 )J / 


1 —£ 


- + - 


- + - 


1 —£ r 


£A c A c F co £qA 0 


Recognizing that Eb(T 0 ) = 0 and £ 0 = 1 and also, using reciprocity, 


A p — A F 

^c A co — ^o A oc 


and from the enclosure, note F oc = 1. Hence, 


E b (T) 
Hcavity [ — £ } 

- + - 


<tT 


A q oT 


1 — £ 1 

- + - 


£A c A c F co £A c A q F oc 


2 / 2 2V^~ 

Noting that A 0 = 7rr 0 and A c = xr 0 11C + r 0 I , find 
^cavity = y_ £ 


1 £ A Q + j 


£ A r 


2 rp4 
nx Q a T 


(L/r 0 ) +1 


nl/2 


+ 1 


( 1 ) 


< 


COMMENTS: When L increases or A 0 /A c « 1, the radiant power approaches that of a blackbody 
according to Eq. (1). 



PROBLEM 13.45 


KNOWN: Cavities formed by a cone, cylinder, and sphere having the same opening size (d) and 
major dimension (L) with prescribed wall emissivity. 

FIND: (a) View factor between the inner surface of each cavity and the opening of the cavity; (b) 
Effective emissivity of each cavity as defined in Problem 13.42, if the walls are diffuse-gray with £ w ; 
and (c) Compute and plot £ e as a function of the major dimension-to-opening size ratio, L/d, over the 
range from 1 to 10 for wall emissivities of £ w = 0.5, 0.7, and 0.9. 

SCHEMATIC: 



Cone Cylinder Sphere 


ASSUMPTIONS: (1) Diffuse-gray surfaces, (2) Uniform radiosity over the surfaces. 

ANALYSIS: (a) Using the summation rule and reciprocity, determine the view factor Fj 2 for each of 
the cavities considered as a two-surface enclosure. 

Cone : % + F 22 = % +0 = 1 p 21 =1 

( 0 \ r ~ 9 ~|l /2 r r. -|—1/2 

Fj 2 = A 2 f 2 l /A l=( 7rd /4j/(^d/2) L / +(d/2) z =(l/2) (L/d)"+1/4 < 


Cylinder : = 1 

Fj 2 =A 2 F 2 i/A 1 = A 2 /A : =(^d 2 /4)/ 7TdL + 7Td 2 /4 =(l + 4L/d) _1 
Sphere : F 2 1 = 1 

F[2 = a 2 F 21 / A i = a 2 / a i = (?rd 2 / 4 )/ 7tD 2 -;rd 2 /4 =(4D 2 /d 2 -l) 
(b) The effective emissivity of the cavity is defined as 
£ eff = 912 /c lc 


< 

< 


4 

where q c = A 2 CT 1 which presumes the opening is a black surface at T 1 and for the two-surface 
enclosure, 


_ °( T 1 4 - T 2 4 ) _ A lgTl 4 

(l-eO/ejAj +1/A^ 2 +(l-£ 2 )/ £ 2 A 2 (l- £ l)/ £ l +1/F12 


since T 2 = OK and £ 2 = 1 . Hence, since A 2 /Ai = F 12 for all the cavities, with £1 = £ w 
„ _ 1/f l2 1 


£ eff - 


(l £ wV £ w + l/f42 ^T2 (f e w V e w +1 


Cone : e eff = l/|(l/2) (L/d ) 2 +1/4 V ~ (l-e w )/e w +1 


( 1 ) < 


Continued 





Cylinder: 


( 2 ) < 


PROBLEM 13.45 (Cont.) 

= 1 / {[1 + 4L / d]- 1 (1 - e w ) / e w +1} 


Sphere'. 




£ eff = 1 / i I 4D 2 / d 2 — 1 


-1 


(1 1 1 


(3) < 


(c) Using the IHT Workspace with eqs. (1,2,3). the effective emissivity was computed as a function of 
L/d (cone, cylinder and sphere) for selected wall emissivities. The results are plotted below. 


Fig. 1 Cone, cylinder, sphere cavities, eps = 0.7 


Fig 2 Conical cavity 




Cone 

Cylinder 

Sphere 


epsw = 0.5 
epsw = 0.7 
epsw = 0.9 


In Fig. 1, £ e ff is shown as a function of L/d for £ w = 0.7. For larger L/d, the sphere has the highest £ e ff 
and the cone the lowest. Figures 2, 3 and 4 illustrate the £ e ff vs. L/d for each of the cavity types. As 
expected, £ e ff increases with increasing wall emissivity. 


Fig 3 Cylindrical cavity Fig 4 Spherical cavity 



Note that for the spherical cavity, with L/d > 5, £ e ff > 0.98 even with £ w as low as 0.5. This feature 
makes the use of spherical cavities for high performance radiometry applications attractive since £ e ff 
is not very sensitive to £ w . 

COMMENTS: In Fig. 1, intercomparing £ e ff for the three cavity types, can you give a physical 
explanation for the results? 






PROBLEM 13.46 


KNOWN: Very long diffuse, gray, thin-walled tube of 1-m radius contained inside a long black duct 
of square cross-section, 3.2 m x 3.2 m. Top portion is open as shown schematically. 

FIND: (a) Net radiant heat transfer rate per unit length of the tube from the opening, q[ = qj / L, and 
the effective emissivity of the opening, £ e ff, for the condition when 0 = 45° and (b) Compute and plot 
qj and £ e ff as a function of 0 for the range 0 < 0 < 180°. 


SCHEMATIC: 



ASSUMPTIONS: (1) Tube is very long compared to its radius R and duct dimension, (2) Interior of 
cylinder is diffuse, gray, (3) Interior of the duct is black. 

ANALYSIS: (a) Consider the two-surface enclosure formed by the inner surface of the tube, Ap and 
the hypothetical surface formed by the opening, A 3 . The surface A 3 behaves as a blackbody (£3 = 1) 
at a temperature T 3 = T 2 = 300 K. The net heat rate leaving the opening follows from Eq. 13.23. 

a(T, 4 -T 2 4 ) 

_ _ \ / / \ 

(l-£l)/£lAi +1/AiF[3 +(i-£3)/£ 3 A3 


The view factor Fi 3 can be determined from the reciprocity relation recognizing that F 31 = 1. 

Fi 3 = A 3 %/A 1 =1.414Lxl/4.712L = 0.300 (2) 

where the areas A | and A 3 are, with 0 = 45°, 

A : = 2R (71 -0)L = 2xlm[7T -45 x7t/180]xL = 4.712L (3) 

A 3 = 2Rsin0L = 2xlmxsin45°xL = 1.414L (4) 

Substituting numerical values, find 

5.67 x 10 “ 8 W / m 2 • K 4 (lOOO 4 - 300 4 ) K 4 
qi ”” q3 ~~ (l-0.l)/(0.1x4.712L) + l/(4.712Lx0.300) + 0 


qj / L = -q 3 /L = 21,487 W/m 


< 


Continued 






PROBLEM 13.46 (Cont.) 


The effective emissivity of the opening is the ratio of the radiant power leaving the opening to that of 
a blackbody having the area of the opening (A 3 ) and a temperature of the inner surface of the cavity 
(Ti). 


qi _ qi /L 

AgcrTi 4 (A 3 /L)ctT 1 4 


(5) 


£ eff = 


21,487 W /m 


1.414mx5.67x10 5 W/m 2 K 4 (1000 K) 


= 0.268 


(b) Using the foregoing equations, Eqs. (1-5), in the IHT workspace, qj = qj / L and 8 e ff as a function 
of 0 were computed and are plotted below. 



Tube opening angle, theta (deg) 

- Heat rate, qi' (W/m) 

—e— Effective emissivity, epseff (%) 

Note that qj = 0 when 0 = 0° since the tube is closed and no power leaves the tube. At 0 = 180°, the 
area of the tube has been reduced to zero and hence, q[ = 0 . For small values of 0, 8 e ff is highest and 
decreases as 0 increases, to the limit £ e ff = 81 = 0 . 1 . 



PROBLEM 13.47 

KNOWN: Temperature, emissivity and dimensions of a rectangular fin array radiating to deep space. 

FIND: (a) Rate of radiation transfer per unit length from a unit section to space, (b) Effect of 
emissivity on heat rejection. 

SCHEMATIC: 



ASSUMPTIONS: (1) Diffuse/gray surface behavior, (2) Length of array (normal to page) is much 
larger than W and L, (3) Isothermal surfaces. 

ANALYSIS: (a) Since the sides and base of the U-section have the same temperature and emissivity, 
they can be treated as a single surface and the U-section becomes a two-surface enclosure. Deep 
space may be represented by the hypothetical surface A 3 , which acts as a blackbody at absolute zero 

temperature. From Eq. (13.23), with Tj = T 2 = T and £\ = £2 = £, 

cr(T 4 -T 3 4 ) 

q (U)3 = i- E 1 - i- e 

eA (l,2) A (1,2) F (1,2)3 eA 3 

where Aj u )=2L + W, A 3 = W, A'^ 2 ) F (l,2)3 = A 3 I$( lj2 ) = W. Hence, 

crT 4 

q (U)3 = L^e | 1 ^l-e 
e(2L +W) W £ W 


^(1,2)3 


5,67xl0 _8 W/m 2 K 4 (325 K) 

^Q - 70 | 1 | Q " 

0.70(0.275m) 0.025m 


15.2 W/m 


< 


(b) For £ = 0.7 emission from the base of the U-section is q(, = £ Aj O T 4 = 0.7 X 0.025m 

x5.67xl0~ 8 W/m 2 ■ K 4 (325 K ) 4 =11.1 W/m. The effect of eon q(j 2)3 an ^ 0 b shown as 
follows. 


Continued 




PROBLEM 13.47 (Cont.) 



Emissivity, eps 


—Heat rejection with fins, q'(1,2)3 (W/m) 

—x— Emission from base, qb' (W/m) 

The effect of the fins on heat transfer enhancement increases with decreasing emissivity. 

COMMENTS: Note that, if the surfaces behaved as blackbodies (£j = £ 2 = 1.0), the U-section 
becomes a blackbody cavity for which heat rejection is simply A 3 Ep (T) = qp. Hence, it is no 
surprise that the qp, —> qj^ op as £ —> 1 in the foregoing figure. For £= 1, no enhancement is 
provided by the fins. 


PROBLEM 13.48 


KNOWN: Power dissipation of electronic device and thermal resistance associated with attachment 
to inner wall of a cubical container. Emissivity of outer surface of container and wall temperature of 
service bay. 

FIND: Temperatures of cubical container and device. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Device and container are isothermal, (3) Heat transfer from 
the container is exclusively by radiation exchange with bay (small surface in a large enclosure), (4) 
Container surface may be approximated as diffuse/gray. 

ANALYSIS: From Eq. (13.27) 

P e =q=<r(6W 2 )£ c (T s 4 c -T s 4 ul .) 



T = 

x s,c 


50W 


5.67xlO -8 W/ trC ■ K 4 x6(0.12m) z x0.8 


- + (150K)' 


1/4 


= 339.4K = 66.4°C < 


With q = (T d -T SiC )/R t , 


T d = qR t +T SjC =50Wx0.1K/W + 66.4°C = 71.4°C < 

COMMENTS: If the temperature of the device is too large to insure reliable operation, it may be 
reduced by increasing £ c or W. 




PROBLEM 13.49 


KNOWN: Long, thin-walled horizontal tube with radiation shield having an air gap of 10 mm. 
Emissivities and temperatures of surfaces are prescribed. 

FIND: Radiant heat transfer from the tube per unit length. 


SCHEMATIC: 

T 1 -. 1 Z 0 °C 



= 35°C 


—Air gap 

Dp -120mm > 

- 

k Tube , Di=100mm 

-a. Bl =’ 0 .a 


ASSUMPTIONS: (1) Tube and shield are very long, (2) Surfaces at uniform temperatures, (3) 
Surfaces are diffuse-gray. 

ANALYSIS: The long tube and shield form a two surface enclosure, and since the surfaces are 
diffuse-gray, the radiant heat transfer from the tube, according to Eq. 13.23, is 


012 


a(T, 4 -T 2 4 ) 

1 - £i 1 1 - £? 

e l A l A lFl2 £ 2 A 2 


( 1 ) 


By inspection, F 12 = 1. Note that 

Aj = n Dj l and A 2 = n D 2 i 

where £ is the length of the tube and shield. Dividing Eq. (1) by £ , find the heat rate per unit length. 


012 


012 


5.67x10 °W/nr-K 


(273 + 120)-(273 + 35) 4 


K 


1 - 0.8 


1 - 0.1 


0.87r(l00xl0 3 m) ^(lOOxlO 3 m)xl 0.Dr(l20xl0 3 m) 


012 


842.3 W/m“ 


(0.7958 + 3.183 + 23.87)m 


-1 


= 30.2 W/m. 


COMMENTS: Recognize that convective heat transfer would be important in this annular air gap. 
Suitable correlations to estimate the heat transfer coefficient are given in Chapter 9. 



PROBLEM 13.50 


KNOWN: Long electrical conductor with known heat dissipation is cooled by a concentric tube 
arrangement. 

FIND: Surface temperature of the conductor. 

SCHEMATIC: 



ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Conductor and cooling tube are concentric and 
very long, (3) Space between surfaces is evacuated. 

ANALYSIS: The heat transfer by radiation exchange between the conductor and the concentric, 
cooled cylinder is given by Eq. 13.25. For a unit length. 



where Aj = 2711) ■ (:. Solving for Ti and substituting numerical values, find 


T frp4 012 1 , 1-£ 2 r l 

T 1 =i T 2 +---+- 

c-2nx x e x e 2 ^r 2 



T, =|(27 + 273) 4 K 4 + 

6 W/m 1“ 1 1-0.9 f 5 Y 

5.67x 10 “ 8 W / m 2 K 4 x In (0.005m) L °- 6 0.9 ^ 25 

T, = {(300 K) 4 +3.368xl0 9 K 4 [1.667+ 0.00222]} 1/4 (2) 


Tj = 342.3 K = 69°C. < 

COMMENTS: (1) Note that Eq. (1) implies that Fi 2 = 1. From Eq. (2) by comparison of the second 
term in the brackets involving £ 2 , note that the influence of e 2 is small. This follows since ri « r 2 . 



PROBLEM 13.51 


KNOWN: Arrangement for direct thermophotovoitaic conversion of thermal energy to electrical 
power. 

FIND: (a) Radiant heat transfer between the inner and outer surface per unit area of the outer 
surface, (b) Power generation per unit outer surface area if semiconductor has 10% conversion 
efficiency for radiant power in the 0.6 to 2.0 pm range. 

SCHEMATIC: 


Wafer cooling coils 



Dj = 2,5mm 
£> o =380mm 


Combustion tube 

1 55 ——Semiconductor surface 
D eff iciency 10% for 
; ' _ absorbed irradiation 
^ ^ in 0.6 to 2.0/jm range , 

T 0 =Z0°C,a o =0.5 
- 7 / =1675°C ) si=0.9 


ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Surfaces approximate long, concentric cylinder, 
two-surface enclosure with negligible end effects. 


ANALYSIS: (a) For this two-surface enclosure, the net radiation exchange per unit area of the outer 
surface is, 


Oio 


A 


o 




( 1 ) 


and since Ai/A 0 = 27iri t / 27Ti 0 t = q / r 0 , the heat flux at surface A 0 is 


Pio 

A„ 


0.0125 N 
v 0.190 , 


5.67x10 8 W/m“ • K 4 


)( 


1948 4 -293 4 |K 4 


1 1-0.5 T0.125 N 

0.9 0.5 [ 0.190, 


= 45.62 kW/rn" 


( 2 ) < 


(b) The power generation per unit area of surface A 0 can be expressed as 


P e = V e ' G abs (0-6 ^ 2.0pm) 


(3) 


where T| e is the semiconductor conversion efficiency and G a bs (0-6 —> 2.0pm) represents the absorbed 
irradiation on A 0 in the prescribed wavelength interval. The total absorbed irradiation is G a b s ,t = 

4 4 

qi 0 /A 0 and has the spectral distribution of a blackbody at Ti since T 0 « Tj and Ai is gray. Hence, 
we can write Eq. (3) as 


P e *7e ' (9io ^ ) 


F (0^2p m ) _F (0-^0.6p m) 


(4) 


From Table 12.2: XT = 2 x 1948 = 3896 pm-K, F (0 .^ T) = 0.461; XT = 0.6 X 1948 = 1169 pm-K, F (0 . 
XT) = 0.0019. Hence 

P' = 0.l(45.62 kW/m 2 j[0.461-0.0019] = 2.09 kW/m 2 . < 

That is, the unit produces 2.09 kW per unit area of the outer surface. 




PROBLEM 13.52 


KNOWN: Temperatures and emissivities of spherical surfaces which form an enclosure. 
FIND: Evaporation rate of oxygen stored in inner container. 

SCHEMATIC: 


Dj=0.8m 

ar-0.05 

Liquid oxygen 



Vent and support assembly 
D 0 -1.2m 
T o -280K 
8 0 =O.OS 

Evacuated space 


PROPERTIES: Oxygen (given): h fg = 2.13 x 10 5 J/kg. 

ASSUMPTIONS: (1) Opaque, diffuse-gray surfaces, (2) Evacuated space between surfaces, (3) 
Negligible heat transfer along vent and support assembly. 

ANALYSIS: From an energy balance on the inner container, the net radiation heat transfer to the 
container may be equated to the evaporative heat loss 

q oi = rhhfg. 


Substituting from Eq. (13.26), where q 0 j = - q K) and F K) = 1 

-K)K-To) 


m: 


hfg 


1 l~£ r 


- + - 


£i 


V 


V u ) 


m = 


-5.67 x 10~ 8 W / m 2 ■ K 4 x7T (0.8m) 2 (95 4 - 280 4 ) K Z 


2.13xl0 :> J/kg 


1 0.95 ^4 A 2 


0.05 + 0.05 


0.4 

06 


m = 1.14xl0 _4 kg/s. < 

COMMENTS: This loss could be reduced by insulating the outer surface of the outer container 
and/or by inserting a radiation shield between the containers. 



PROBLEM 13.53 


KNOWN: Emissivities, diameters and temperatures of concentric spheres. 

FIND: (a) Radiation transfer rate for black surfaces, (b) Radiation transfer rate for diffuse-gray 
surfaces, (c) Effects of increasing the diameter and assuming blackbody behavior for the outer sphere, 
(d) Effect of emissivities on net radiation exchange. 


SCHEMATIC: 



ASSUMPTIONS: (1) Blackbody or diffuse-gray surface behavior. 
ANALYSIS: (a) Assuming blackbody behavior, it follows from Eq. 13.13 


xlO W/m K 


qi 2 = ^ 2 ° ( T l 2 - t 2 ) = X ( 0.8 m) 2 (1)5.67 
(b) For diffuse-gray surface behavior, it follows from Eq. 13.26 
(7A, (t 4 - T 4 ) 5.67X 10“ 8 W / m 2 • K 4 7T (0.8 mf 


(400 K) 4 - (300 K) A 


= 1995 W. < 


400 4 - 300 4 


K 


1 l-e 2 

— + -- 


A 2 


V r 2 J 


J_ 1-0.05 
0.5 0.05 


f 0.4 
V 06 y 


= 191 W. 


e l £2 

(c) With D 2 = 20 m, it follows from Eq. 13.26 

_ 2 XT' _ / a n / A AA XT' \4 / ^ AA XT' \4 


5.67x10 8 W/m 2 • K;r (0.8m) 2 (400 K) 4 -(300 K) 4 


012 


1 1-0.05 

0.5 0.05 


£ 0.4 5 2 

v 7° ; 


— = 983 W. 


With e 2 = 1, instead of 0.05, Eq. 13.26 reduces to Eq. 13.27 and 

q 12 = ffAjgj |t 4 — T 4 j = 5.67xl0 -8 W / m 2 • K 4 7T (0.8 m) 2 0.5 (400 K) 4 -(300 K)' 


= 998 W. < 


Continued 




PROBLEM 13.53 (Cont.) 


(d) Using the IHT Radiation Tool Pad, the following results were obtained 



—•— epsl = 1.0 
—*7- epsl = 0.5 
■» ' epsl = 0.1 


Net radiation exchange increases with £j and £ 2 , and the trends are due to increases in emission from and 
absorption by surfaces 1 and 2, respectively. 

COMMENTS: From part (c) it is evident that the actual surface emissivity of a large enclosure has a 
small effect on radiation exchange with small surfaces in the enclosure. Working with £2 = 1.0 instead of 
£2 = 0.05, the value of qj 2 is increased by only (998 - 983)/983 = 1.5%. In contrast, from the results of 
(d) it is evident that the surface emissivity £2 of a small enclosure has a large effect on radiation 
exchange with interior objects, which increases with increasing £j. 




PROBLEM 13.54 


KNOWN: Two radiation shields positioned in the evacuated space between two infinite, parallel 
planes. 

FIND: Steady-state temperature of the shields. 

SCHEMATIC: 



ASSUMPTIONS: (1) All surfaces are diffuse-gray and (2) All surfaces are parallel and of infinite 
extent. 

ANALYSIS: The planes and shields can be represented by a thermal circuit from which it follows 
that 


qi = 


. ct ( T , 4 - T 2) CT ( T l 4 - T S 4 l) ct ( T s1- T s2) CT ( T4 2- T 2 4 ) 

-q2 = - 


Rl + R2 + R3 


R 1 


R 2 


R 3 


Since all the emissivities involved are equal, Rf = 


Ai 


A 1 F 12 


= 1 = R 2 = R 3 , so that 


<1 = T > K -T 4 ) = T . 4 -(1/3)K-T 2 ^) 


T 4 =(600 K) 4 -(1/3)(600 4 -325 4 )k Z 


T ls = 548 K 


T 4 = T 4 + 


R- 


s2 2 R1+R2+R3 


1 -( T l 4 - T 2 4 ) = T 2 4 + (l/3)( T , 4 -T 2 4 ) 


T 4 2 =(325 K ) 4 + (1/3)(600 4 -325 4 )k 4 


T s2 =474 K. 


< 



PROBLEM 13.55 

KNOWN: Two large, infinite parallel plates that are diffuse-gray with temperatures and emissivities 
of Ti and and T 2 and £ 2 . 

FIND: Show that the ratio of the radiation transfer rate with multiple shields, N, of emissivity £ s to 
that with no shields, N = 0, is 

qi2,N _ [i/gj+i/g 2 - 1 ] 

<112,0 [l/ £ l +l / £ 2 -1] + N[2/£ s -l] 


where qi2,N and 4 ] 2.0 represent the radiation heat rate with N and N = 0 shields, respectively. 

SCHEMATIC: 




q’ 12,0 (1-£i)/8i 1 (1-£2V £ 2 q’l2,N (1-£ S )/8 S (1-£ s )/£ s 1 

ASSUMPTIONS: (1) Plane infinite planes with diffuse-gray surfaces and uniform radiosities, and 
(2) Shield has negligible thermal conduction resistance. 

ANALYSIS: Representing the parallel plates by the resistance network shown above for the “no¬ 
shield” condition, N = 0, with F 12 = 1, the heat rate per unit area follows from Eq. 13.24 (see also Fig. 
13.11) as 


< 112,0 


E bl ~ E b 2 

l/e 1 + l/e 2 -l 


( 1 ) 


With the addition of each shield as shown in the schematic above, three resistance elements are added 
to the network: two surface resistances, (1 - £ s j/£ s , and one space resistance, 1/Fjj = 1. Hence, for the 
“N - shield” condition, 


412,N ~ [l/£ 1 + l/£ 2 -l] + N[2(l-£ s )/£ s + l] 

The ratio of the heat rates is obtained by dividing Eq. (2) by Eq. (1), 

qi2,N _ [l/ £j +1 / £ 2 — l] 
qi2,0 [l/£i+l/£ 2 -l] + N[2/£ s -l] 


( 2 ) 


< 


COMMENTS: Can you derive an expression to determine the temperature difference across pairs of 
the N-shields? 




PROBLEM 13.56 


KNOWN: Emissivities of two large, parallel surfaces. 

FIND: Heat shield emissivity needed to reduce radiation transfer by a factor of 10. 

SCHEMATIC: 


Radiation shield 



f 


£ 1 = 0.8 


1 


£ 2 = 0.8 



ASSUMPTIONS: (a) Diffuse-gray surface behavior, (b) Negligible conduction resistance for shield, 
(c) Same emissivity on opposite sides of shield. 

ANALYSIS: For this arrangement, F 13 = F 32 = 1. 

Without (wo) the shield, it follows from Eq. 13.24, 

M T /- T 2 4 ) 


(^12 ) wo 


U ±-1 

£ \ £2 


With (w) the shield it follows from Eq. 13.28, 
A 1 ^(Ti 4 -T 2 4 ) 

0l2)w= T 2 • 

— + — +- 2 

£ \ £ 2 £3 


Hence, the heat rate ratio is 

(^12 )v 


'w 


( < U2) 

Solving, find 


0 .L 


wo 


U ±-1 

£\ £ 2 

1 1 2 

- 1 - 1 - 

£ \ £ 2 £3 


— + ——1 

0.8 0.8 
1 1 2 

0.8 0.8 £3 


£3 =0.138. 


COMMENTS: The foregoing result is independent of T \ and T 2 . It is only necessary that the 
temperatures be maintained at fixed values, irrespective of whether or not the shield is in place. 



PROBLEM 13.57 

KNOWN: Surface emissivities of a radiation shield inserted between parallel plates of prescribed 
temperatures and emissivities. 

FIND: (a) Effect of shield orientation on radiation transfer, (b) Effect of shield orientation on shield 
temperature. 

SCHEMATIC: 






I ft) 







t ft) 



e iTi >7a 





ASSUMPTIONS: (1) Diffuse-gray surface behavior, (2) Shield is isothermal. 
ANALYSIS: (a) On a unit area basis, the network representation of the system is 

^bl ^1 Js,l £&,s Js, 2 'Jz. EbZ 

1~SL,± 1 1—E-s -1-2. £ s 1 1-E-z, 

& 1 Fis/* 2 e 5 ^ Fsz 

or(l-Ze.s)/2 £ s \-or (j~a s )/a s 


Hence the total radiation resistance, 


R = 


1 — £i , 1 — £ s 1-2 £ s , 1 —£o 

-- + 1 +-- +-- + 1 +-- 

£l £ s 2 £ s £2 


is independent of orientation. Since q = (Em - E]-, 2 j/R, the heat transfer rate is independent of 
orientation. 


(b) Considering that portion of the circuit between E^i and Eb s , it follows that 


q = 


Ebl Ebs -, where f(£ s ) 

-- +1 + f (£ s ) 

e l 


1 —£ s 1 — 2£, 

--or- 1 

£ s 2 £ s 


Hence, 


Ebs _ Ejq 


-- + l + f (£ s ) 

£ 1 


q- 


It follows that, since E| 1S increases with decreasing f(e s j and (1 - 2e s )/2e s < (1 - £ s )/£ s , E[ 1S is larger 
when the high emissivity (2 e s ) side faces plate 1. Hence T s is larger for case (b). < 



PROBLEM 13.58 


KNOWN: End of propellant tank with radiation shield is subjected to solar irradiation in space 
environment. 

FIND: (a) Temperature of the shield, T s , and (b) Heat flux to the tank, q [ f W / m 2 j . 


SCHEMATIC: 


) T f -100K- 




T sur --0K- 


G§=1250 V\l/m z 


-I 



Shield &i z a z z 0.05 
Tank E.j. - 0.1 


ASSUMPTIONS: (1) All surfaces are diffuse-gray, (2) View factor between shield and tank is unity, 
F st = 1, (3) Space surroundings are black at 0 K, (4) Resistance of shield for conduction is negligible. 


ANALYSIS: (a) Perform a radiation balance on the shield. From the schematic, 




°<s & s 


a S G S - e l E b (T s ) - q'st = 0 


(1) 


where q^ is the net heat exchange between the shield and the tank. Considering these two surfaces as 
large, parallel planes, from Eq. 13.24, 

Ust =cr(T s 4 -T t 4 )/[l/e 2 +l/ei-l]- (2) 

Substituting q^ t from Eq. (2) into Eq. (1), find 

a s G s - eprxf - a (t s 4 - t/ ) / [1 / e 2 +1 / e t -1] = 0. 


Solving for T s , find 

T r ^Os+qTf/p/^+i/ei-i] 

s cr(ei +l/[l/£2 +l/£t _1 ]) 


Since the shield is diffuse-gray, as = £i and then 

T _[0.05xl250W/m 2 +cr(100) 4 h 
S_ <t (0.05 + 1/[1/0.05- 

(b) The heat flux to the tank can be determined from Eq. (2), 

q' t = 5.67x 10 “ 8 W / m 2 • K 4 ^338 4 -100 4 j K 4 / [l/ 0.05 +1 / 0.1 -1] = 25.3 W / m 2 . < 


C 4 / [l / 0.05 +1 / 0.1 -1] 


- 1 / 0.1 — 1 ]) 


1/4 


= 338 K. 






PROBLEM 13.59 


KNOWN: Black panel at 77 K in large vacuum chamber at 300 K with radiation shield having £ = 
0.05. 

FIND: Net heat transfer by radiation to the panel. 

SCHEMATIC: 


Shield X. 
e s = 0.05 t 
D S =D 



V 






~Chamber , ~T 2 -^500K. 


V//////////+ - Panel, 7^=77 K, D=0.1m 


ASSUMPTIONS: (1) Chamber is large compared to shield, (2) Shape factor between shield and 
plate is unity, (3) Shield is diffuse-gray, (4) Shield is thin, negligible thermal conduction resistance. 

ANALYSIS: The arrangement lends itself to a network representation following Figs. 13.10 and 
13.11. 


Eb2 Jk 




' 3 , 2 . 


4,s_ Js.t 


J-e = 


t-e s 1 -e.i 


1 1-e.± 


o s/nce A;> >> A 5 or Aj O since —1 


Noting that F 2 S = F s i = 1, and that A 2 F 2 S = A S F S 2 , the heat rate is 


qi=(E b 2-Ebl)/ERi=^(T2-Ti4) 


— + 2 
A c 


1 g s 

£ s A-s 


+ - 


1 

aI 


Recognizing that A s = Aj and multiplying numerator and denominator by A | gives 
qi=Ai<r(T 2 -T 1 4 ) 2 + 2| 

Substituting numerical values, find 

qi = 


^ 1 -£ s A 


KQ>A m x5.67xl0~ 8 W/m 2 K 4 (300 4 -77 4 )K 4 / 


2 + 2 


1-0.05 

0.05 


qi = 89.8 mW. 


COMMENTS: In using the network representation, be sure to designate direction of the net heat 
rate. In this situation, we have shown q ] as the net rate into the surface A\. The temperature of the 
shield, T s = 253 K, follows from the relation 


91 =( E bs-EblV 


1 —£ q 


- + - 


1 


e s^s AiF s p 



PROBLEM 13.60 


KNOWN: Dense cryogenic piping array located close to furnace wall. 

FIND: Number of radiation shields, N, to be installed such that the temperature of the shield closest 
to the array, T s n, is less than 30°C. 

SCHEMATIC: 


Dense piping 
array, 

T = 0°C, 
e p = 0.6 


Installation criteria 
T s,n s 30°C - 


O 

O' 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 



Furnace wall 
T f = 200°C, e f = 0.9 


Radiation shields, N 
«, = 0.1 


ASSUMPTIONS: (1) The ice-covered dense piping array approximates a plane surface, (2) Piping 
array and furnace wall can be represented by infinite parallel plates, (3) Surfaces are diffuse-gray, and 
(4) Convection effects are negligible. 

ANALYSIS: Treating the piping array and furnace wall as infinite parallel plates, the net heat rate by 
radiation exchange with N shields of identical emissivity, £ s , on both sides follows from extending the 
network of Fig. 13.12 to account for the resistances of N shields. (See Problem 13.14 (S).) For each 
shield added, two surface resistances and one space resistance are added, 


qf P = 



1/£f +1/ £ p — ll + N[2 / £ s — l] 


( 1 ) 


-8 2 4 

where a = 5.67 x 10 W/m K . The requirement that the N-th shield (next to the piping array) has a 
temperature T S; n < 30°C will be satisfied when 


qf P ^ 


a (Ts,N 4 - Tp 4-) Af 
l/£ s +1 / £ p — 1 


( 2 ) 


Using the foregoing equations in the IHT workspace, find that T Sj n = 30°C when N = 8.60. So that 
T Si n is less than 30°C, the number of shields required is 

N = 9 < 

COMMENTS: Note that when N = 0, Eq. (1) reduces to the case of two parallel plates. Show for 
the case with one shield, N = 1, that Eq. (1) is identical to Eq. 13.28. 




PROBLEM 13.61 


KNOWN: Concentric tube arrangement with diffuse-gray surfaces. 

FIND: (a) Heat gain by the cryogenic fluid per unit length of the inner tube (W/m), (b) Change in 
heat gain if diffuse-gray shield with £ s = 0.02 is inserted midway between inner and outer surfaces. 


SCHEMATIC: 


■D o =S0mm. 

11= 2500K 
e o =0.05 



Cryogenic -Fluid in tube 

'D;=20mm 
1J=77K 
Si = 0.02 


No shield (o) 



Shield 

D s =Z5mm 

Ss=0.02 


ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Space between tubes is evacuated. 


ANALYSIS: (a) For the no shield case, the thermal 
circuit is shown at right. It follows that the net heat gain 
per unit tube length is 





0-vWM>VW-0^\AA-0 
!-£/ i-Sp 


£/Aj AjFi 0 e.qAq 



-q' 1 =3a = (E b o-E b i)/ 


1 — £ n 1 1 — £; 

-— +-+ - — 

£7rD 0 TTDjFjo £j^:Dj 


where A = 7 tDL. Note that F K) = 1 and E^ = aT giving 


-qj =5.67x10 W/m K 1300 -77 K / 


^300 4 - 77 4 j 1 


1 - 0.05 


1 - 0.02 


0.05^x50x10 3 ^20x10 3 xl 0.02^x20x10 3 


-1 


-qj =457 W/m 2 /[121.0+ 15.9+ 779.8]m -1 = 0.501 W/m. 

(b) For the with shield case, the thermal circuit will include three additional resistances. 

Ebi ^b s ^-bo 

~ *2; 2 -<£/ 1 -l-S-s d-£ s d l-£ 0 %; 

£;A AjFjs S-sAs £ sAs Ash so £ oA 0 

From the network, it follows that — c]j = (E^ 0 -E^j )/£R t . With Fj s = F so = 1, find 


—qj = 457 W / ni / 


121.0 + - 


2(1-0.02) 

- +--- —r + 15.9 + 779.8 


/r35xlO 3 xl 0.02^35x10 3 

-1 


-1 


m 


-qj =457 W/m 7 /[121.0 + 9.1+ 891.3+ 15.9 +779.8]m =0.251 W/m. 

The change (percentage) in heat gain per unit length of the tube as a result of inserting the radiation 
shield is 

qj s — qj ns (0.251-0.50l)W/m . 

’ , ' xlOO = ---x 100 = -49%. < 

Oi.ns 


0.501 W/m 



PROBLEM 13.62 


KNOWN: Heated tube with radiation shield whose exterior surface is exposed to convection and 
radiation processes. 

FIND: Operating temperature for the tube under the prescribed conditions. 


SCHEMATIC: 


A ii Heated tube 
A z ,Shield 


Evacuated 




ASSUMPTIONS: (1) Steady-state conditions, (2) No convection in space between tube and shield, 
(3) Surroundings are large compared to the shield and are isothermal, (4) Tube and shield are 
infinitely long, (5) Surfaces are diffuse-gray, (6) Shield is isothermal. 


ANALYSIS: Perform an energy balance on the shield, 
^in — E OU { = 0 
^12 — Oconv — Orad = 0 




■cony 



where qi 2 is the net radiation exchange between the tube and inner surface of the shield, which from 
Eq. 13.25 is, 


-qi2 = 


M T 1 4 - T 2 4 ) 

1 + !-e 2 ,i Dj 


£ 1 e 2,i D 2 

Using appropriate rate equations for q CO nv and q ra d' the energy balance is 

Apr (t . 4 -T~ ) 

,1^. D - hA 2 (T 2 -T„ )-£ 2 ,oA 2 <i (T 2 4 -T s 4 ur ) = 0 


1 + 


e 2,i D 2 
Substitutir 

(20/60)x5.67xl(T 8 W/m 2 ■ K 4 (t 4 -315 4 )k" 


where £i = 1. Substituting numerical values, with A 1 /A 2 = D 1 /D 2 , and solving for Tp 

-4 


1 +(1-0.01/0.01) (20/60) 


— 10 W/m 2 K(315-300)K 


(315 4 -290 4 )] 


-0.1x5.67x10 W/m ■ K (315 -290^ |K = 0 
T, = 745 K = 472°C. 


COMMENTS: Note that all temperatures are expressed in kelvins. This is a necessary practice 
when dealing with radiation and convection modes. 


< 



PROBLEM 13.63 


KNOWN: Cylindrical-shaped, three surface enclosure with lateral surface insulated. 
FIND: Temperatures of the lower plate T ] and insulated side surface T 3 . 

SCHEMATIC: 

k-D= 0.2m ->1 

- 1 —■—n 


L-O.Zm 




M 


Y 


m 


If 


h z X=473K ) e. z --0.8 


-Aj,7 ~ 5 , insulated 


black surface 

' fP=10,000W=<t 1 


ASSUMPTIONS: (1) Surfaces have uniform radiosity or emissive power, (2) Upper and insulated 
surfaces are diffuse-gray, (3) Negligible convection. 


ANALYSIS: Find the temperature of the lower plate T | from Eq. 13.30 

ct(t, 4 -T 2 4 ) 


hi 


1-1 


( 1 ) 


(1-£ 1 )/£ 1 A 1 + A 1 F [2 +[(1/A 1 F^3) + (1/A 2 F23)] 1 +(l-£ 2 )/£ 2 A 2 

From Table 13.2 for parallel coaxial disks, 

Rj = q / L = 0.1 / 0.2 = 0.5 R 2 = r 2 /L = 0.1/0.2 = 0.5 

S = l + (l + R 2 )/R? =l + (l + 0.5 2 )/0.5 2 =6.0 

il/2 


112=1/2 S- 


s - 4 (r 2 /ri)" 


- 1 / 2 ] 

[ 

= 1/2 1 

1 _ 

1 

so 

J J 


, L 


6 / -4(0.5/0.5)- 


= 0.172. 


Using the summation rule for the enclosure, F 13 = 1 - F 12 = 1 - 0.172 = 0.828, and from symmetry, 

2 2 2 

F 2 3 = F 13 . With Aj = A 2 = TtD /4 = 7 t( 0.2 m) /4 = 0.03142 m and substituting numerical values into 
Eq. (1), obtain 

r4 


0.03142m 2 X5.67X10 8 W/m 2 K 4 


10,000 W = 


(t! 4 -473 4 ) 


K 


0 + 


0.172 + [(1/0.828) + (1/0.172)] 1 +(l-0.8)/0.8 


n -1 


10,000 = 4.540x10 


(t^-473 4 ) 


T : = 1225 K. 


The temperature of the insulated side surface can be determined from the radiation balance, Eq. 13.31, 
with Aj = A 2 , 

J 1~ J 3 J 3~ J 2 


1/^3 1/f 23 


= 0 


( 2 ) 


where .1 1 = cTj and J 2 can be evaluated from Eq. 13.19, 


Continued 




PROBLEM 13.63 (Cont.) 


E h 2 -J 2 5.67x10 8 W/m 2 -K 4 (473 K) 4 -J 2 

q 2 = ,. ~ -lo.ooo w =- 7 -*- 

(l-£ 2 )/£ 2 A 2 (1-0.8)/ 0.8x0.03142m 2 


2 

find J 2 = 82,405 W/m . Substituting numerical values into Eq. (2), 


5.67x10 8 W/m 2 • K 4 (1225 K ) 4 - J 3 J 3 -82,405 W/m 2 
1/0.172 1/0.172 


2 

find J 3 = 105,043 W/m . Hence, for this insulated, re-radiating (adiabatic) surface, 


E b3 =oT 4 =105,043 W/m 2 T 3 =1167K. < 



PROBLEM 13.64 


KNOWN: Furnace in the form of a truncated conical section, floor (1) maintained at Tj = 1000 K by 
providing a heat flux L\\ j n = 2200 W / m ; lateral wall (3) perfectly insulated; radiative properties 
of all surfaces specified. 

FIND: (a) Temperature of the upper surface, T 2 , and of the lateral wall T 3 , and (b) T 2 and T 3 if all 
the furnace surfaces are black instead of diffuse-gray, with all other conditions remain unchanged. 
Explain effect of £2 on your results. 

SCHEMATIC: 



Upper surface, A 2 
T 2 = ?, s 2 = 0.5 


Lateral surface, A 3 
T 3 = ?, £3 = 0.3 
Adiabatic wall 


Furnace floor, A-| 

T-, = 1000 K, ei = 0.7 
q” jn = 2200 W/m 2 


ASSUMPTIONS: (1) Furnace is a three-surface, diffuse-gray enclosure, (2) Surfaces have uniform 
radiosities, (3) Lateral surface is adiabatic, and (4) Negligible convection effects. 

ANALYSIS: For the three-surface enclosure, write the radiation surface energy balances, Eq. 13.21, 
to find the radiosities of the three surfaces. 

E b,l~ J l _ J1-J2 | J1-J3 

(1-£])/£] A] 1/At E 12 l/Al % 

E b, 2~ J 2 _ J2-J1 | J 2~ J 3 

( l -£ 2 )/£ 2 A 2 1/ A 2 ^21 1 ^ 2^23 

E b, 3- J 3 = J3-J1 , J3-J2 

(! £3)/£3 A3 1 /A 3 F 31 1 /A 3 F 32 

where the blackbody emissive powers are of the form Eb 
Eq. 13.19, the net radiation leaving Aj is 


(3) 

= o T 4 with <7 = 5.67 x 10 ' 8 W/m 2 -K 4 . From 


E b,l~ J l 

qi (l-£i)/£i A] 

qi = qp in A { = 2200 W/ m 2 x ^(0.040 m) 2 / 4 = 2.76 W 


(4) 


Continued 




























PROBLEM 13.64 (Cont.) 


Since the lateral surface is adiabatic, 


43 


E b,3~ J 3 

(l-e 3 )/e 3 a 3 


= 0 


(5) 


from which we recognize 3 = J 3 , but will find that as an outcome of the analysis. For the 

2 

enclosure, N = 3, there are N = 9 view factors, for which N (N - l)/2 = 3 must be directly determined. 
Calculations for the Fy are summarized in Comments. 


With the foregoing five relations, we can determine the five unknowns: J 1 , J 2 , J 3 , Eb ; 2 , and Eb, 3 . The 

4 

temperatures T 2 and T 3 will be evaluated from the relation E^ = a T . Using this analysis approach 
with the relations in the IHT workspace, the results for (a) the diffuse-gray surfaces and (b) black 
surfaces are tabulated below. 



Jj (kW/m 2 ) 

J 2 (kW/m 2 ) 

J 3 (kW/m 2 ) 

T 2 (K) 

T 3 (K) 

(a) Diffuse-gray 

55.76 

45.30 

53.48 

896 

986 

(b) Black 

56.70 

46.24 

54.42 

950 

990 


COMMENTS: (1) From the tabulated results, it follows that the temperatures of the lateral and top 
surfaces will be higher when the surfaces are black, rather than diffuse-gray as specified. 

(2) From Eq. (5) for the net heat radiation leaving the lateral surface, A 3 , the rate is zero since the 
wall is adiabatic. The consequences are that the blackbody emissive power and the radiosity are 
equal, and that the emissivity of the surface has no effect in the analysis. That is, this surface emits 
and absorbs at the same rate; the net is zero. 

2 

(3) For the enclosure, N = 3, there are N = 9 view factors, for which 

N (N-l)/2 = 3x2/2 = 3 

must be directly determined. We used the IHT Tools I Radiation I View Factors Relations model that 
sets up the summation rules and reciprocity relations for the N surfaces. The user is required to 
specify the 3 Fy that must be determined directly; by inspection, F j 1 = F 22 =0; and F j 2 can be 
evaluated using the parallel coaxial disk relation, Table 13.2 (Fig. 13.5). This model is also provided 
in IHT to simplify the calculation task. The results of the view factor analysis are: 

Fi 2 =0.03348 F 13 = 0.9665 

F 2 i= 0.1339 F 23 =0.8661 

(4) An alternative method of solution for part (a) is to treat the enclosure of part (a) as described in 
Section 13.3.5. For part (b), the black enclosure analysis is described in Section 13.2. We chose to 
use the net radiation method, Section 13.3.1, to develop a general 3-surface enclosure code in IHT that 
can also handle black surfaces (caution: use £ = 0.999, not 1.000). 



PROBLEM 13.65 


KNOWN: Two aligned, parallel square plates with prescribed temperatures. 

FIND: Net radiative transfer from surface 1 for these plate conditions: (a) black, surroundings at 0 
K, (b) black with connecting, re-radiating walls, (c) diffuse-gray with radiation-free surroundings at 0 
K, (d) diffuse-gray with re-radiating walls. 

SCHEMATIC: 

r\ jt 

h 2 f--800K,E b2 =23,224 W/m^ 

L=OSm j ^iJr-SOOK, E bl =3.544 W/m* 




ASSUMPTIONS: (1) Plates are black or diffuse-gray, (2) Surroundings are at 0 K. 

ANALYSIS: (a) The view factor for the aligned, parallel plates follows from Fig. 13.4, X/L = 0.4 
m/0.8 m = 0.5, Y/L - 0.4 m/0.8 m = 0.5, F 12 = F 21 ~ 0.075. When the plates are black with 
surroundings at 0 K, from Eq. 13.13, 

01 — 912 Ol(sur) — ^ 1^12 (E bl — E b2 ) + ^lPl(sur) ( E bl — E b(sur) ) 

qi =(0.4x0.4)m 2 [0.075(3544-23,224) + (l-0.075)(3544-0)]w/m 2 =288 W. < 
(b) When the plates are black with connecting re-radiating walls, from Eq. 13.30 with Fir = R 2 r = 1 
-Fi2 = 0.925, 

A : [E bl -E b2 ] (0.4m) 2 [3544-23,224] W/m 2 


qi 


%+(!/%+1/P2R) 


-1 


-1 


0.075 + (l / 0.925 +1 / 0.925) 


-1 


n-1 


= -1,692 W. < 


(c) When the plates are diffuse-gray (£/ = 0.6 and £2-0.8) with the surroundings at 0 K, using Eq. 
13.20 or Eq. 13.19, with E b3 = J 3 = 0, 

qi=AiIl2(J 1 -J2) + A 1 Ii3(J 1 -J3) = (E bl -J 1 )/[(l-e 1 )/e 1 A 1 ]. 

The radiosities must be determined from energy balances, Eq. 13.21, on each of the surfaces, 


E bl ~ J 1 
(l — e l) / e l 
3,544-J! 
(l-0.6)/0.6 


= ii2(Ji-J 2 )+ri 3 (Ji-J3) 


= 0.075 (J 1 -J 2 ) + 0.925J 1 


E b2 ~ J 2 

(l-e 2 )/e 2 
23,224-J 2 
(l — 0.8)/0.8 


- E 2l( J 2“ J l) + F 23( J 2 “ J 3) 


= 0.075 (J 2 -J!) + 0.925J 2 . 


Find Ji = 2682 W/m” and J 2 = 18,542 W/m . Combining these results, 

q : = (0.4m) 2 (0.075)(2682-18,542) W/m 2 +(0.4m) 2 (0.925)(2682-0)W/m 2 =207 W. < 

(d) When the plates are diffuse-gray with connecting re-radiating walls, use Eq. 13.30, 

A 1 [ E bl _E b2] 


91 = 


(l-ei)/ei + |^F[ 2 + (l/F[R +1/F 2R ) +(l-e 2 )/e 2 

(0.4 m) 2 [35444 - 23,244] W / m 2 


n-1 


01 = 


(l-0.6)/0.6+ 0.075+ (1/0.925+ 1/0.925) 1 +(l-0.8)/0.8 


i-l 


= -1133W. 



PROBLEM 13.66 


KNOWN: Parallel, aligned discs located in a large room; one disk is insulated, the other is at a 
prescribed temperature. 

FIND: Temperature of the insulated disc. 


SCHEMATIC: 


Jjj^r'7 - 5 =300K 



Insulated disk t D-0.4m 

T z 

1}=S00K, Ei = 0.6 


ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Surroundings are large, with uniform 
temperature, behaving as a blackbody, (3) Negligible convection. 

ANALYSIS: From an energy balance on surface Ki, 

q2=0 = d 2 ziL + i2zi3_. (1) 

1/A 2 F2, 1/A 2 F , 3 

4 

Note that q 2 = 0 since the surface is adiabatic. Since A 3 is a blackbody, J 3 = E 53 = ( 7 T 3 ; since A 2 is 

4 

adiabatic, J 2 = Eb 2 = 0^2 • From Fig. 13.5 and the summation rule for surface Ai, find 

F| 2 =0.62 with — = — = 2 and — = — = 0.5, F l3 = 1-% = 1-0.62 = 0.38. 

L 0.1 q 0.2 

Hence, Eq. (1) with J 3 = 5.67 x 10 8 x 300 4 W/m“ becomes 


J 2 ~Ji J 2 -459.3W/ m z 

1/A 2 x0.62 1/A 2 x0.38 


-0.62J! +1.00J 2 =174.5 


-8 4 2 

The radiation balance on surface A ] with E ^3 = 5.67 X 10 x 500 W/m becomes 

E bl~Jl _ J 1~ J 2 , J 1~ J 3 


( 1_£ l)/ e l A l 1/A 1 f 12 U A ib3 


3543.8-Jj _ J! — J 2 Ji -459.3 

(1—0.6)/0.6A 1 _ l/AixO.62 + 1/AixO.38 


2.50J!-0.62J 2 =5490.2 (5,6) 


Solve Eqs. (3) and ( 6 ) to find L = 1815 W/m and since Eb 2 = J 2 > 


1815 W/rrr 
5.67xl0 _8 W/m 2 K 4 


423 K. 


COMMENTS: A network representation would help to visualize the exchange relations. However, 
it is useful to approach the problem by recognizing there are two unknowns in the problem: J 1 and J 2 ; 
hence two radiation balances must be written. Note also the significance of J 2 = Eb 2 and 13 = Eb 3 - 



PROBLEM 13.67 


KNOWN: Thermal conditions in oven used to cure strip coatings. 
FIND: Electrical power requirement. 

SCHEMATIC: 


D=0.02.m 


1^1700K; 

S ± =0.9 



s^= 0.06 m 

&2=O.OZm 
L. = 0 . 0 & 7 TJ 


ASSUMPTIONS: (1) Diffuse-gray surfaces, (2) Furnace wall is reradiating, (3) Negligible end 
effects. 

ANALYSIS: The net radiant power leaving the heater surface per unit length is 
' __ E bl~ E b2 _ 

41 l--e^ + _1_ | l-e 2 

£lA 'l A',Ii 2 +[(l/A 1 [i R ) + (l/A2F, R )]" 1 e 2 A 2 
where A) = ;rD = k (0.02m) = 0.0628m and A 2 = 2(s^ — S 2 ) = 0.08 m. The view factor 
between the heater and one of the strips is 


% 


D/2 


tan -m_ tan -i !2 


0.01 


S 1 -S 2 L E E J 0-04 

and using the view factor relations find 

A|F |2 = A 9 F 21 = 0.08 m x 0.10 = 0.008 m 

Fir =1 —F[ 2 =1 — 0.127 =0.873 


_1 0.06 -1 0.02 

tan-tan 


0.08 


0.08 


0.10 


f2 2 =(0.080/0.0628)0.10 = 0.127 
F2R =1-I^i =1-0.10 = 0.90. 


Hence, with Ep, = cT , 


91 


5.67x10“ 


(1700)-(600) 4 


1-0.9 


1-0.4 


- 1 -. H- 

0.9x0.0628 0.008 + [l / (0.0628 x 0.873) +1 / (0.08 x 0.90)] - 0.4x0.08 


91 


4.66x10“ 


1.77 + 25.56 + 18.75 


10,100 W/m. 


COMMENTS: The radiosities for Ai and A 2 follow from Eq. 13.19, 

Ji =E bl -(l-e 1 )q , 1 /e 1 A / 1 =4.56xl0 5 W/m 2 

J 2 = E b2+(l-e2)qi/£2A2= E 97xl0 5 W/m 2 . 

From Eq. 13.31, find Jr and hence Tr as 

0.0628x0.873(J 1 -J r )-0.08x0.90(J r -J 2 ) = 0 

J r = 3.08xl0 5 W/m 2 =ctT 4 T r =1527 K. 



PROBLEM 13.68 

KNOWN: Surface temperature and emissivity of molten alloy and distance of surface from top of 
container. Container diameter. 

FIND: Net rate of radiation heat transfer from surface of melt. 

SCHEMATIC: 



Ti = 900 K 
s-i = 0.55 


ASSUMPTIONS: (1) Opaque, diffuse, gray behavior for surface of melt, (2) Large surroundings 
may be represented by a hypothetical surface of temperature T = T sur and £ = 1, (3) Negligible 
convection at exposed side wall, (4) Adiatic side wall. 

ANALYSIS: With negligible convection at an adiabatic side wall, the surface may be treated as 
reradiating. Hence, from Eq. (13.30), with A | = A 2 , 


qi 


A l( E bl~ E b2) 


l-£l 


+ - 


- + 


l-£ 2 


£i e T2 + [(1/ e 1r) + (1/ e ^r)] £2 


With Rj = Rj = (D/2)/L = 1.25 and S 



= 2.640, Table 13.2 yields 


*12 = 



-4(r 2 /ri) 2 


il/2 


0.458 


Hence, 


F)r = F 2 p = 1 — Fj [2 =0.542 and 


qi = 


K (0.25m) 2 x 5.67 x 10~ 8 W / m 2 ■ K 4 (900 4 - 300 4 ) K 4 
1-0.55 I ” 

-+- -p + 0 

°- 55 0.458(3.69) 1 


< 


= 3295W 





PROBLEM 13.69 

KNOWN: Blackbody simulator design consisting of a heated circular plate with an opening over a 
well insulated hemispherical cavity. 

FIND: (a) Radiant power leaving the opening (aperture), D a = r 0 /2, (b) Effective emissivity of the 
cavity, £ e , defined as the ratio of the radiant power leaving the cavity to the rate at which the circular 
plate would emit radiation if it were black, (c) Temperature of hemispherical surface, Tjj C , and (d) 
Compute and plot £ e and T| 1C as a function of the opening aperture in the circular plate, D a , for the 
range r 0 /8 < D a < r 0 /2, for plate emissivities of £ p = 0.5, 0.7 and 0.9. 

SCHEMATIC: 


n = r /2 —h—■—H .Opening (aperture) 
a 'o'* I i 1/ 

-Plate, s = 0.9 



' ,< ,< ' 


f—A v 7 1 =600 K 

Insulated hemispherical 
cavity, r Q = 100 mm 


ASSUMPTIONS: (1) Plate and hemispherical surface are diffuse-gray, (2) Uniform radiosity over 
these same surfaces. 


ANALYSIS: (a) The simulator can be treated as a three-surface enclosure with one re-radiating 
surface (A 2 ) and the opening (A 3 ) as totally absorbing with no emission into the cavity (T 3 = 300 K). 
The radiation leaving the cavity is the net radiation leaving A], qi which is equal to -q 3 . Using Eq. 
13.30, 


9cav =91 =-93 = 


(ti 4 -t 3 4 ) 


(1— £ 1 )/£ 1 A 1 + A 1 Fi 3 + [(l/A 1 Fi 2 ) + (l/A 3 F 32 )]“ 1 + (l-£ 3 )/£ 3 A3 


i-l 


( 1 ) 


Using the summation rule and reciprocity, evaluate the required view factors: 

F H+ F l2+ F i3 =1 Fl3 = 0 F 12= 1 

F 31+ I T2 +F 33 =1 ^32 = 1- 

Substituting numerical values with £3 = 1 , T 3 = 300 K, A \=K |i'q - (r 0 / 4)“ j = 15^ro /16 = 2.945 x 
-2 2 2 2 -3 2 

10 ” m”, A 3 = 7 rr.f =7i( r () / 4)~ = 1.963 x 10 m” and A 1 /A 3 = 15, and multiplying numerator and 
denominator by Aj, 

Aict(ti-t 3 4 ) 

9cav = 9l = (2) 

(1-£ 1 )/£ 1 +|f 1 3-I-[(1/F 12 ) + (A 1 /A3%)] ! | +0 


Continued 




PROBLEM 13.69 (Cont.) 


2.945x10 2 m 2 x5.67xl0 8 W/m 2 •K‘ t (600^ -300^ |K 


Ocav _ 91 — 


(600 4 -300 4 )] 


(l -0.9)/0.9 + |o + [l + (15/ 1 )] 4 ^0 


= 12. 6 W 


(b) The effective emissivity is the ratio of the radiant power leaving the cavity to that from a 
blackbody having the area of the opening and temperature of the inner surface of the cavity. That is, 




9cav 


12.6 W 


= 0.873 


A 3 <tTj 1.963x 10 m x5.67x10 5 W/m • BU x(600K) 
(c) From a radiation balance on Ap find Ji, 


(3) < 


q : = 12. 6 W = 


(7600 - J 


E bl~ J l _ 

(1-e^/CiAj (l-09)/0.9A 1 


J : =7301W/m" 


4 2 4 

From a radiation balance on A 2 with J 3 = Eb 3 = CJT 3 = 459.9 W / m and J 2 = <J T 2 , find 


(4) 


J 2 _J 1 _ + J 2~ J 3 


J 2 -7301W /m~ 


J 2 -459.9 


(! /A lb 2 ) (I/A 3 F 32 ) ^1/2.945x10 2 m 2 j (l/1.963xl0 3 m 2 j 


= 0 


(5) 


J 2 = 6873 W / m 2 T 2 =590K. 


< 


(d) Using the foregoing equations in the IHT workspace, £ e and T 2 were computed and plotted as a 
function of the opening, D a , for selected plate emissivities, £ p . 




- epsp = 0.5 

-©— epsp = 0.7 
•*— epsp = 0.9 


- epsp = 0.5 

■Q — epsp = 0.7 
-A— epsp = 0.9 


From the upper-left graph, £ e decreases with increasing opening, D a , as expected. In the limit as D a 
—> 0, £3 —> 1 since the cavity becomes a complete enclosure. From the upper-right graph, Th c . the 
temperature of the re-radiating hemispherical surface decreases as D a increases. In the limit as D a —> 
0, T 2 will approach the plate temperature, T p = 600 K. The effect of decreasing the plate emissivity is 
to decrease £ e and decrease T 2 . Why is this so? 


Continued 






PROBLEM 13.69 (Cont.) 

COMMENTS: The IHT Radiation, Tool, Radiation Tool, Radiation Exchange Analysis, Three- 
Surface Enclosure with Re-radiating Surface, is especially convenient to perform the parametric 
analysis of part (c). A copy of the IHT workspace that can generate the above graphs is shown below. 

// Radiation Tool - Radiation Exchange Analyses, Reradiating Surface 

/* For the three-surface enclosure A1, A3 and the reradiating surface A2, the net rate of radiation transfer 
from the surface A1 to surface A3 is */ 

ql = (Ebl — Eb3) / ((1 - epsl)/(eps1 * A1) + 1/(A1 * F13 + 1/(1/(A1 * F12) + 1/(A3* F32))) + (1 - 
eps3)/(eps3 * A3)) // Eq 13.30 

/* The net rate of radiation transfer from surface A3 to surface A1 is */ 
q3 = q1 

/* From a radiation energy balance on A2, */ 

(J2 — J1) / (1/(A2 * F21)) + (J2 - J3)/(1/(A2 * F23)) = 0 // Eq 13.31 

/* where the radiosities J1 and J3 are determined from the radiation rate equations expressed in terms of 
the surface resistances, Eq 13.22 7 
ql = (Ebl - J1) / ((1 - epsl) / (epsl * A1)) 
q3 = (Eb3 - J3) / ((1 - eps3) / (eps3 * A3)) 

// The blackbody emissive powers for A1 and A3 are 

Ebl = sigma * T1 A 4 

Eb3 = sigma * T3 A 4 

// For the reradiating surface, 

J2 = Eb2 

Eb2 = sigma * T2 A 4 
sigma = 5.67E-8 

// Effective emissivity: 

epseff = ql / (A3 * Ebl) 

// Areas: 

A1 = pi * (ro A 2 ■ ra A 2) 

A2 = 0.5 * pi * (2 * ro) A 2 
A3 = pi * ra A 2 

// Assigned Variables 

T1 = 600 
epsl = 0.9 
T3 = 300 
eps3 = 0.9999 
ro = 0.1 
Da = 0.05 

Da_mm = Da * 1000 
Ra = Da/2 


// Stefan-Boltzmann constant, W/m A 2 K A 4 


// Eq (3) 


// Hemisphere, As = 0.5 * pi * D A 2 


// Plate temperature, K 

// Plate emissivity 

// Opening temperature, K; Tsur 

// Opening emissivity: not zero to avoid divide-by-zero error 
// Hemisphere radius, m 

// Opening diameter; range ro/8 to ro/2; 0.0125 to 0.050 
// Scaling for plot 
// Opening radius 



PROBLEM 13.70 


KNOWN: Long hemi-cylindrical shaped furnace comprised of three zones. 

FIND: (a) Heat rate per unit length of the furnace which must be supplied by the gas burners and (b) 
Temperature of the insulating brick. 

SCHEMATIC: 


Metal products v 

* 

T z =500K, £ z -1, A 


E bjt *afr3544W/mZ / 

/ \j 

Insulating 

wall —' 


Mmmm , 


^Insulating brick, £.-0.6 
) Ceramic plate, 

TfltQOK, Ex-0.85, 

E bi = crTx 4 =37158?W/mZ 

^—Gas burners 


ASSUMPTIONS: (1) Surfaces are opaque, diffuse-gray or black, (2) Surfaces have uniform 
temperatures and radiosities, (3) Surface 3 is perfectly insulated, (4) Negligible convection, (5) 
Steady-state conditions. 

ANALYSIS: (a) From an energy balance on the ceramic plate, the power required by the burner is 
^burners = 4 b the net radiation leaving Ap hence 

q'l =A l F 12( J l- J 2) + A l F 13( J l- J 3) = 0 + A l F i3( J l- J 3) (!) 


4 

since Fj 2 = 0. Note that L = E |-,2 = ( 7 T 2 and that Ji and J 3 are unknown. Hence, we need to write 
two radiation balances. 


Ai: 


E bl ~ J 1 
(1-£,)/£, A, 


qi=0 + A 1 FIi3(J 1 -J3) 


( 2 ) 


A 3 : 0 = A 3 I Tl( J 3 _J l) + A 3 I 32(J3 _E b2) 


J 3 = 


J 1 + E b2 
2 


(3) 


since F 31 = F 23 . Substituting Eq. (3) into (2), find 

(371,589-J 1 )/(l-0.85)/0.85 = l[j 1 -(Ji +3,544)/2] 

^ =341,748W/m 2 J 3 = 172,646 W/m 2 

using E^i = oTi = 371,589 W /m“ and E^ = ^2 = 3544 W /m“. Substituting into Eq. (1), find 
q) =1 mx 1(341,748-172,646) W/m 2 =169 kW/m. < 

(b) The temperature of the insulating brick, acting as a reradiating surface, is 
J 3 =E b3 =crT 3 

T 3 =(J 3 /cr ) 1/4 =(l72,646 W/m 2 /5.67X10 -8 W/m 2 -K 4 ) 174 =1320 K. < 



PROBLEM 13.71 


KNOWN: Steam producing still heated by radiation. 

FIND: (a) Factor by which the vapor production could be increased if the cylindrical side of the 
heater were insulated rather than open to the surroundings, and (b) Compute and plot the net heat rate 
of radiation transfer to the still, as a function of the separation distance L for the range 15 < L < 100 
mm for heater temperatures of 600, 800, 1000°C considering the cylindrical sides to be insulated. 


SCHEMATIC: 



100 °c 



ASSUMPTIONS: (1) Still and heater surfaces are black, (2) Surroundings are isothermal and large 
compared to still heater surfaces, (3) Insulation is diffuse-gray, (4) Negligible convection. 

ANALYSIS: (a) The vapor production will be proportional to the net radiation exchange to the still. 
For the case when the sides are open (o) to the surroundings, the net radiation exchange leaving A 2 is 
from Eq. 13.13. 

42,0=421 + q2s = A 2^ 1°" ( T 2 — T l 4 ) + ^2^2^ ( T 2 “ T sur ) 


where F 2 S = 1 - F 21 and F 21 follows from Fig. 13.5 with L/tq = 100/100 = 1, rj/L = 100/100 = 1. 
Fj! = 0.38 

With A 2 =7 tD 2 /4, find 
n{ 0.200m) 2 


42,o = 


x5.67x10 W/m 


• K 4 jo. 38 ^373 4 -1273 4 )k 4 + (l-0.38)(373 4 -300 4 )K 4 j 


q 2 , 0 =-1752W. 


<— w /o insulation 


With the cylindrical side insulated (i), a three-surface, re-radiating enclosure is formed. Eq. 13.30 can 
be used to evaluate q 2 ,i and with £2 = £1 = 1, the relation is 


023 = 


■(t 2 4 -Ti) 


= Ai jli2 + [1 / flR +1 / Fzr ] _1 )a (t 2 4 - if ) 


423 


AlIl2+[(l/AifiR) + (l/A 2 l2 R )r 1 

38 and Fir = 

;r (0.100 m)“ r r ,_n 

v -|0.38 + [l/0.62 + l/0.62] M 


Recall Fj 2 = 0-38 and Fir = 1 - F 12 = 1 - 0.38 = 0.62, giving 

\2 


4 


q 2a = -3204 W. 


.62 + 1/0. 

-w insulation 


5.67x10 W/m“ • K 373 -1273 K 


^373 4 -1273 4 


4W4 


Continued 






PROBLEM 13.71 (Cont.) 


Hence, the vapor production rate is increased by a factor 

qdjnsni 3204 W ) 

q 2 ) 1752W 

lz 'open 


That is, the vapor production is increased by 83%. < 

(b) The IHT Radiation Tool - Radiation Exchange Analysis for the Three-Surface Enclosure with a 
rercidiating surface can be used directly to compute the net heat rate to the still, q ] = q 2 , as a function 
of the separation distance L for selected heater temperatures Tp The results are plotted below. 


CT 

OJ 

"5 

fc— 

"5 

CD 

X 



Separation distance, L (mm) 


- T1 = 600 C 

T1 = 800 C 
Tflr— T1 = 1000 C 


Note that the heat rate for all values of T | decreases as expected with increasing separation distances, 
but not markedly. For any separation distance, increasing the heater temperature greatly influences 
the heat rate. For example, at L = 50 mm, increasing Ti from 600 to 800 K, causes a nearly 6 fold 
increase in the heat rate. But increasing T | from 800 to 1000 K causes only a 2 fold increase in the 
heat rate. 

COMMENTS: When assigning the emissivity variables (£p £ 2 , £ 3 ) in the IHT model mentioned 
above, set £ = 0.999, rather than 1.0, to avoid a “division by zero” error message. You could also call 
up the Radiation Tool, View Factor Coaxial Parallel Disk to calculate F 12 . 




PROBLEM 13.72 


KNOWN: Furnace with cylindrical heater and re-radiating, insulated walls. 

FIND: (a) Power required to maintain steady-state conditions, (b) Temperature of wall area. 

SCHEMATIC: 



s^l 

D-10mm 


area, A z 

l £z=°- 


= SOOK 

6 


ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Furnace is of length t where t » w, (3) 
Convection is negligible. 


ANALYSIS: (a) Consider the furnace as a three surface enclosure with the walls, Ar, represented as 
a re-radiating surface. The power that must be supplied to the heater is determined by Eq. 13.30. 


91 


^(t, 4 -t 2 4 ) 


0—£|)/S'|A|+ A | F |2 +[(l/A|F |R ) + (l/A 2 F 2R )] 1 +(l-e 2 )/£ 2 A 2 


-1 


Note that A\ = 7td l and A 2 = w l. By inspection and the summation rule, find F j 2 = 60°/360° = 
0.167, Fir = 1 — F 12 = 1 - 0.167 = 0.833, and F 2 r » 1. With q[ = qi / i, 

5.67 x 10 -8 W / m 2 • K 4 (l500 4 - 500 4 j K 4 

+ (l-0.6)/0.6xl m 


0 + 


k ^10x10 3 jmx0.167+ (l/;r(l0xl0 3 m)x0.83) +(l/lmxl) 


-1 


qj =8518 W/m. 

(b) To determine the wall temperature, apply the radiation balance, Eq. 13.31, 

Ji-Jr _ Jr-J2 J 1~ J R J R- J 2 


or 


( 1/a iF[r) (l/ a 2^2R ) (l/7rl0xl0 3 mx0.833 ) (l/lmxl) 

J R =ctTr =(J 1 +38.21J 2 )/39.21. 

4 / 

Since A| is a blackbody, Jj = E^i = cT^ . To determine J 2 , use Eq. 13.19. Noting that q^ = 

find 

92 =( E b2 “ J 2) / ( 1_e 2) /e 2 A 2 or J 2 = E b2 “92 ( 1-e 2 ) /e 2 A 2 

2 a , ,4 (-8518 W/m)(l-0.6) 2 


( 1 ) 


-92 > 


J 2 =5.67x10 8 W/m“-K 4 (500 K) 


0 . 6 (lm) 


= 9222 W/ni . 


Substituting this value for J 2 into Eq. (1), the wall temperature can be calculated. 

J R = (5.67X10 -8 W/m 2 K 4 (1500K) 4 +38.21x9222W/m 2 )/39.21 = 16,308W/m 2 

T r =(j R /t7) 1/4 =(l6,308W/m 2 /5.67xl0“ 8 W/m 2 -K 4 ) 1/4 =732 K. < 

COMMENTS: Considering the entire wall as a single re-radiating surface may be a poor assumption 
since Jr is not likely to be uniform over this large an area. It would be appropriate to consider several 
isothermal zones for improved accuracy. 



PROBLEM 13.73 


KNOWN: Circular furnace with one end (Aj) and the lateral surface (A 2 ) black. Other end (A 3 ) is 
insulated. 


FIND: (a) Net radiation heat transfer from each surface and (b) Temperature of A 3 , and (c) Compute 
and plot T 3 as a function of tube length L for the range 0.1 < L < 0.5 m with D = 0.3 m. 


SCHEMATIC: 


L = 0.3 


D = 0.3 m 


A^,T^= 500 K, e 1 = 1 


-A 3 , insulated 


A 2 , T 2 = 400 K, e 2 = 1 


ASSUMPTIONS: (1) Surface A 3 is diffuse-gray, (2) Uniform radiosity over A 3 . 

ANALYSIS: (a) Since A 3 is insulated, the net radiation from A 3 is q 3 = 0. Using Eq. 13.30, find 


<7 IT ] 4 -T 4 


hi = -Q2 


(l-e^/CjAj + Ajlqj + [(l/AjFjj )+(l/A2F23 )] + (l“ £ 2 ) /£ 2 A 2 

and since Ei =e 2 = 1, Tl = “92 = { A lFi2 +[( 1/A 1 F 13) + ( 1/A 2 F 23)] 1 } cr ( T l 4 ~ T 2 )- 

Considering Aj and A 3 as coaxial parallel disks, from Table 13.2 (Fig. 13.5) find F 13 , 

Rj = ri /L = 0.15/0.30 = 0.5 R 2 =r 2 /L = 0.15/0.30 = 0.5 

S = l + (l + R 2 )/R 2 = l + (l + 0.5 2 )/0.5 2 =6 

F [ 3 = 0.5 is - S 2 -4(r 2 / rj)“ ^J^O.sjh- 6 2 -4(0.5/0.5) = 0.172. 

From the summation rule and symmetry F ( 2 = 1-F ( 3 =1-0.172 = 0.828. 

From reciprocity, with F 32 = F 12 

F 23 = A 3 F3 2 / A 2 = (;rD 2 / 4 )Iq 2 / (7 tDL) = DIq 2 / 4L = 0.3mx0.828 /4x0.3m = 0.207. 
With Ai = 7tD 2 /4 = 71(0.3 mf/4 = 0.07069 m 2 and A 2 = 7tDL = Jt(0.3 m) (0.3 m) = 0.2827 m 2 , 
qi =-q 2 =|o.07069m 2 X0.828+ (l/0.07069m 2 xO.m) 

+ (l / 0.2827 m 2 x0.207) |5.67xl0“ 8 (500 4 -400 4 )k 4 q 1= -q 2 =143W < 

(b) From the radiation balance on A 3 , Eq. 13.31, find T 3 , with Ji = E b i and J 2 = E b 2 , 

E bl -J 3 J 3 -E b2 n c(500 K) 4 -J 3 J 3 -ct(400 K ) 4 


E bl~ J 3 J 3~ E b2 
(1/A^ 3 ) (1/A 2 F2 3 ) 


j 2 =E b3 =cjT 4 =1811 W/m 2 


(1 / 0.07069 mx 0.172) ^ / q. 2827 m 2 x 0.207 ) 


Ta = 423 K. 


(c) Using the IHT Radiation Tools - Radiation Exchange Analysis, Three surface enclosure with a 
reradiating surface and View Factors, Three-dimensioned geometries, Coaxicd parallel disks — and 

Continued. 




PROBLEM 13.73 (Cont.) 

appropriate view factor relations developed in part (a), T 3 was computed as a function of L with the 
diameter, D = 0.3 m, and is plotted below. 



Note that T 3 decreases with increasing tube length. In the limit as L —> T 3 will approach T 2 . In 

the limit as L —> 0, T 3 will approach T |. Is this intuitively satisfying? 


COMMENTS: The IHT workspace used for the part (c) analysis is copied below. 

// Radiation Tool: 

// Radiation Exchange Analysis, three-surface enclosure with a reradiating surface 

/* For the three-surface enclosure A1, A2 and the reradiating surface A3, the net rate of radiation transfer 

from the surface A1 to surface A2 is */ 

ql = (Ebl — Eb2) / ((1 — epsl) / (epsl * A1) + 1 / (A1 * F12 + 1 / (I / (A1 * F13) + 1 / (A2 * F23))) + (1 - 
eps2) / (eps2 * A2)) //Eq 13.30 

/ * The net rate of radiation transfer from surface A2 to surface A1 is 7 
q2 = -ql 

/ * From a radiation energy balance on A3, 7 

(J3 — J1) / (1 / (A3* F31)) + (J3 — J2) / (1 / (A3 * F32)) = 0 //Eq 13.31 

/* where the radiosities J1 and J2 are determined from the radiation rate equations expressed in terms of 

the surface resistances, Eq 13.22 7 

ql = (Ebl — J1) / ((1 - epsl) / (epsl * A1)) 

q2 = (Eb2 - J2) / ((1 - eps2) / (eps2 * A2)) 

// The blackbody emissive powers for A1 and A2 are 

Ebl = sigma * T1 A 4 

Eb2 = sigma * T2 A 4 

// For the reradiating surface, 

J3 = Eb3 

Eb3 = sigma * T3 A 4 

sigma = 5.67E-8 // Stefan-Boltzmann constant, W/m A 2K A 4 


// Radiation Tool - view factor, F13: 

/* The view factor, FI 3, for coaxial parallel disks, is * / 
FI 3 = 0.5 * (S - sqrt(S A 2 - 4 * (r3 / rl ) A 2)) 

// where 
Rl = rl / L 
R3 = r3/L 
rl = D1 / 2 


r3 = rl 

S = 1 + (1 + R3 A 2) / Rl A 2 

// See Table 13.2 for schematic of this three-dimensional geometry. 

// View factor relations: 


F12 = 1 -F13 
F32 = FI 2 
F23 = A3 * F32 / A2 
F31 = A1 * FI 3 / A3 
// Areas: 

A1 = pi * D1 A 2/4 
A2 = pi * D2 * L 
A3 = A1 


// Summation rule, A1 
// Symmetry condition 
// Reciprocity relation 
// Reciprocity relation 


// Assigned variables: 

T1 = 500 
D1 = 0.3 
epsl = 0.9999 
D2 = D1 
eps2 = 0.9999 
T2 = 400 
L = 0.3 


//Temperature, K 
// Diameter, m 

// Emissivity; avoiding “divide-by-zero error” 
// Diameter, m 

// Emissivity; avoiding “divide-by-zero error” 
//Temperature, K 
// Length, m 




PROBLEM 13.74 


KNOWN: Very long, triangular duct with walls that are diffuse-gray. 


FIND: (a) Net radiation transfer from surface A | per unit length of duct, (b) The temperature of the 
insulated surface, (c) Influence of £3 on the results; comment on exactness of results. 


SCHEMATIC: 


W idfh, all sides 
J-T?sulated surface — ^'///////Z. 


~A ± ^1~1000K, Sj=0 .33 
A z Jf700K,^O.S 


ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Duct is very long; end effects negligible. 

ANALYSIS: (a) The duct approximates a three-surface enclosure for which the third surface (A 3 ) is 
re-radiating. Using Eq. 13.30 with A 3 = Ar, the net exchange is 

qi= “ q 2 = 7I^T (ir^y CD 


(i-g),_1_, (i-c 2 ) 

£ 1 A 1 A 1 f^ 2 + (l/A 1 %+l/A 2 F 2R )- 1 £ 2 A 2 

From symmetry, Fi 2 = Fir - F 2 r = 0.5. With Aj = A 2 = w- 1 , where t is the length normal to the 
page and w = 1 m, 

qj = qi/£ = (qi/A 1 )w 


(56,700-13,614) W/m-xlm 


1 (1-0.33) 1 

°- 33 0.5 + (l/0.5 + l/0.5 ) _1 

(b) From a radiation balance on Ar, 

n -n- E b3 _J l , E b3“ J 2 

q R — q 3 - 0 --— +-— 

(A 3 P 31 ) ( a 3F3 2 ) 

To evaluate Jj and J 2 , use Eq. 13.19, 


, (1-0-5) 
r 1 0.5 


= 9874 W/m. 


Ekt - 


Jl + J 2 


, ,1-0.33 2 

Ji =56,700-(9874)-= 36,653 W/in 

j_ E qiO-*) °' 33 

J i - b b,i 7-i 

A; £; 1-05 o 

Jo =13,614-(-9874)-- = 23,488 W/nV 

l 0.5 


From Eq. (2), now find 


T 3 = (E b3 /c7) 1/4 =([Ji + J2]/2c7) 1/4 = 


(36,653 + 23,488)W/m 2 
2(5.67xl0“ 8 W/m 2 K 4 ' 


= 853 K. < 


(c) Since A 3 is adiabatic or re-radiating, J 3 = EI 53 . Therefore, the value of £3 is of no influence on the 
radiation exchange or on T 3 . In using Eq. (1), we require uniform radiosity over the surfaces. This 
requirement is not met near the corners. For best results we should subdivide the areas such that they 
represent regions of uniform radiosity. Of course, the analysis then becomes much more complicated. 



PROBLEM 13.75 

KNOWN: Dimensions for aligned rectangular heater and coated plate. Temperatures of heater, plate 
and large surroundings. 

FIND: (a) Electric power required to operate heater, (b) Heater power required if reradiating 
sidewalls are added, (c) Effect of coating emissivity and electric power. 

SCHEMATIC: 



Heater (e 1 = 1) 

T, = 700 K 

Tj = 400 K 

Coating ( 0.1 ^ e 2 ^ 1) 


ASSUMPTIONS: (1) Steady-state, (2) Blackbody behavior for surfaces and surroundings (Parts (a) 
and (b)). 


ANALYSIS: (a) For £i = £ 2 = 1, the net radiation leaving A| is 
Oelec = 01 = ^l^i2 <7 (^1 —^2 ) + Aiff sur CT— T sur j. 


From Fig. 13.4, with Y/L = 1/0.5 = 2 and X/L = 2/0.5 = 4, the view factors are F\ 2 ~ 0.5 and F sur ~ 1 
0.5 = 0.5. Hence, 


4 elec 


(2m 2 jo. 


5x5.67x10 8 W/m 2 -K 4 


-( 2 ‘" 2 ) 


0.5x5.67x10 8 W/m 2 -K 4 


(700 K) 4 —(400 K) 4 

(700 K) 4 - (300 K) 4_ | = (12,162 + 13,154) W = 25,316 W. < 


(b) With the reradiating walls, the net radiation leaving A | is q e | ec = qi = qi 2 . From Eq. 13.30 with £] 
= £ 2 =1 and Ai = A 2 , 


q e iec = Aid (Ti 4 - T 2 4 ){li 2 + [(1 / lq R ) + (1 / f^ R )] _1 } 


Oelec 


= (2m 2 j5. 


67x10 8 W/m 2 • K 4 


(700 K) 4 -(400 K) 4 J x jo.5 + [(l/0.5) + (l/0.5)] ! } 


q elec = 18,243 W. < 

(c) Separately using the IHT Radiation Tool Pad for a three-surface enclosure, with one surface 
reradiating, and to perform a radiation exchange analysis for a three-surface enclosure, with one 
surface corresponding to large surroundings, the following results were obtained. 


Continued 




PROBLEM 13.75 (Cont.) 




-With reradiating sidewalls - Open to surroundings 


In both cases, the required heater power decreases with decreasing £ 2 , and the trend is attributed to a 
reduction in (X 2 = £2 and hence to a reduction in the rate at which radiant energy must be absorbed by 
the surface to maintain the prescribed temperature. 

COMMENTS: With the reradiating walls in part (b), it follows from Eq. 13.31 that 
J R = E bR =( J l +J 2) /2 = ( E bl +E b2) /2 - 

Hence, Tr = 604 K. The reduction in q e i ec resulting from use of the walls is due to the enhancement 
of radiation to the heater, which, in turn, is due to the presence of the high temperature walls. 



PROBLEM 13.76 


KNOWN: Configuration and operating conditions of a furnace. Initial temperature and emissivity of 
steel plate to be treated. 

FIND: (a) Heater temperature, (b) Sidewall temperature. 


SCHEMATIC: 


T 1 

H=2m% 

11 


Radiant heathers 
I el^O.8, 


J<_y \j = 2 m Steel plate, £ z =O.4,T,=300K 


ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, diffuse-gray surface behavior, (3) 
Negligible convection, (4) Sidewalls are re-radiating. 


ANALYSIS: (a)FromEq. 13.30 


E bl ~ E b 2 

1 


= 1.5x10 W 


^^2+ (Ai^r) 1+ ( A 2 F 2r) 1 


-ll 1 e 2 A 2 


Note that Ai = A 2 = 4 m 2 and E b2 = crT 4 = 5 - 67 x 10 § W/m 2 K 4 (300 K ) 4 = 459 W/m 2 . From Fig. 
13.4, with X/L = Y/L = 1, F 12 = 0.2; hence F 1R = 1 - F 12 = 0.8, and F 2R - F 1R = 0.8. With (l-Ei)/^ = 
0.25 and (1 - £ 2 )/£ 2 = 1.5, find 


1.5xl0 J W 


Eui - 459 W / m" 


Eui -459 W / m 


4m 2 0.25 +- 1 -—+ 1.5 3 ‘ 417 

0.2 + [l.25 + 1.25] 

E bl =1.28xl0 5 W/m 2 +459W/m 2 =1.29xl0 5 W/m 2 =cjT 1 4 


Ti=(l. 


29xl0 5 W/m 2 75.67x10 8 W/m 2 -K 4 


\l/4 


1228 K. 


(b) From Eq. 13.31,it follows that, with AjFi R = A 2 F 2R , 
Jr=C7t£=(J 1+ J 2 )/2 


FromEq. 13.19, 


(l — £i) 5 7 0 . 2 x 1 .5x10 5 W 

Jl =E bl ---—qj =1.29xlO :) W/m^--- 

e l A l 0.8 x 4m“ 


J : =1.196xl0 5 W/m 2 . 

With q 2 = q 1 = - 1.5 X 10 5 W, 

(l —£ 7 ) 2 0-6 s 4 2 

J 2 = E b 2 -“-—q 2 =459W/m-+ --1.5xl0 3 W = 5.67xl0 4 W/m" 


e 2 A 2 


0.4x4m" 


1.196X10 5 W/m 2 +5.67X10 4 W/m 2 
2x5.67xl0 -8 W/m 2 • K 4 


= 1117 K. 


COMMENTS: (1) The above results are approximate, since the process is actually transient. (2) Ti 
and T r will increase with time as T 2 increases. 



PROBLEM 13.76 


KNOWN: Configuration and operating conditions of a furnace. Initial temperature and emissivity of 
steel plate to be treated. 

FIND: (a) Heater temperature, (b) Sidewall temperature. 


SCHEMATIC: 


T 1 

H=2m% 

11 


Radiant heathers 
I el^O.8, 


J<_y \j = 2 m Steel plate, £ z =O.4,T,=300K 


ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, diffuse-gray surface behavior, (3) 
Negligible convection, (4) Sidewalls are re-radiating. 


ANALYSIS: (a)FromEq. 13.30 


E bl ~ E b 2 

1 


= 1.5x10 W 


^^2+ (Ai^r) 1+ ( A 2 F 2r) 1 


-ll 1 e 2 A 2 


Note that Ai = A 2 = 4 m 2 and E b2 = crT 4 = 5 - 67 x 10 § W/m 2 K 4 (300 K ) 4 = 459 W/m 2 . From Fig. 
13.4, with X/L = Y/L = 1, F 12 = 0.2; hence F 1R = 1 - F 12 = 0.8, and F 2R - F 1R = 0.8. With (l-Ei)/^ = 
0.25 and (1 - £ 2 )/£ 2 = 1.5, find 


1.5xl0 J W 


Eui - 459 W / m" 


Eui -459 W / m 


4m 2 0.25 +- 1 -—+ 1.5 3 ‘ 417 

0.2 + [l.25 + 1.25] 

E bl =1.28xl0 5 W/m 2 +459W/m 2 =1.29xl0 5 W/m 2 =cjT 1 4 


Ti=(l. 


29xl0 5 W/m 2 75.67x10 8 W/m 2 -K 4 


\l/4 


1228 K. 


(b) From Eq. 13.31,it follows that, with AjFi R = A 2 F 2R , 
Jr=C7t£=(J 1+ J 2 )/2 


FromEq. 13.19, 


(l — £i) 5 7 0 . 2 x 1 .5x10 5 W 

Jl =E bl ---—qj =1.29xlO :) W/m^--- 

e l A l 0.8 x 4m“ 


J : =1.196xl0 5 W/m 2 . 

With q 2 = q 1 = - 1.5 X 10 5 W, 

(l —£ 7 ) 2 0-6 s 4 2 

J 2 = E b 2 -“-—q 2 =459W/m-+ --1.5xl0 3 W = 5.67xl0 4 W/m" 


e 2 A 2 


0.4x4m" 


1.196X10 5 W/m 2 +5.67X10 4 W/m 2 
2x5.67xl0 -8 W/m 2 • K 4 


= 1117 K. 


COMMENTS: (1) The above results are approximate, since the process is actually transient. (2) Ti 
and T r will increase with time as T 2 increases. 



PROBLEM 13.77 


KNOWN: Dimensions, surface radiative properties, and operating conditions of an electrical 
furnace. 

FIND: (a) Equivalent radiation circuit, (b) Furnace power requirement and temperature of a heated 
plate. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, diffuse-gray surfaces, (3) Negligible plate 
temperature gradients, (4) Back surfaces of heater are adiabatic, (5) Convection effects are negligible. 

ANALYSIS: (a) Since there is symmetry about the plate, only one-half (top or bottom) of the system 
need be considered. Moreover, the plate must be adiabatic, thereby playing the role of a re-radiating 
surface. 



(b) Note that Aj = A 3 = 4 m and A 2 = (0.5 m x 2 m)4 = 4 m . From Fig. 13.4, with X/L - Y/L - 4, 
Fi 3 = 0.62. Hence 

F [2 = 1— F 4 3 = 0.38, and F 32 = Ff 2 = 0.38. 

It follows that 

A f*l 2 = 4 (0.38) = 1.52m 2 

A 1 F l3 =4(0.62) = 2.48 m 2 , (l-qVqAj =0.1/3.6m 2 =0.0278m~ 2 

A 3 F 32 = 4 (0.38) = 1.52m 2 , (l -£ 2 )/£ 2 A 2 =0.7/1.2m 2 = 0.583m~ 2 . 

Also, 

E bl = crT 4 = 5.67xl0~ 8 W/m 2 K 4 (800 K ) 4 = 23,224W/m 2 , 

E b2 = crT 4 = 5.67 x 10 ~ 8 W / m 2 ■ K 4 (400 K ) 4 = 1452 W / m 2 . 


The system forms a three-surface enclosure, with one surface re-radiating. Hence the net radiation 
transfer from a single heater is, from Eq. 13.30, 


qi = 


E bl ~ E b 2 


1 — £1 1 

- 1 -. 

£lAl A 1 I, 2 +[l/A 1 Fi3+l/A 3 F5 2 r l 


+ 


I"£2 
e 2 A 2 


Continued 





qi = 


PROBLEM 13.77 (Cont.) 

(23,224-1452)W/m 2 


(0.0278 + 0.4061 + 0.583) m” 


= 21.4kW. 


The furnace power requirement is therefore q e i ec = 2qi = 43.8 kW, with 


qi = 


E bl~ J l 
(1-£,)/£!A, ' 


where 

Jl=E bl -q l = 23,224 W / m 2 - 21,400 W x 0.0278 m -2 

£f A l 

J! =22,679W/m 2 . 

Also, 

h = E b 2 -02 —— = 1,452 W/m 2 -(-21,400 W)x0.583m~ 2 
£ 2 A 2 

J 2 =13,928W/m 2 . 

From Eq. 13.31, 

J 1~ J 3 _ J 3~ J 2 
1/ a 1 f 13 1/A 3 I^2 

J 1 ~ J 3 _ A 3P32 _ E52 _ q 613 
J 3 _J 2 a 1 e 13 2 - 48 

1.613J 3 =J 1 +0.613J 2 =22,629 + 8537=31,166W/m 2 


J 3 =19,321W/m 2 


Since J 3 = Eb 3 , 

T 3 =(E b3 /cr) 1/4 =(l9,321/5.67xl0~ 8 ) 1/4 =764 K. 


< 


< 


COMMENTS: (1) To reduce q e i ec , the sidewall temperature T 2 , should be increased by insulating it 
from the surroundings. (2) The problem must be solved by simultaneously determining Ji, J 2 and J 3 
from the radiation balances of the form 

(1 E £ 2 2 )/ 1 2 A 2 = A 2>+1 ( J 2 - J 1 ) + A 2 F 23 ( J 2 “ J 3 ) 

0 = A 1 E 13( J 3- J l) + A 2 E 23( J 3- J 2)- 



PROBLEM 13.78 


KNOWN: Geometry and surface temperatures and emissivities of a solar collector. 

FIND: Net rate of radiation transfer to cover plate due to exchange with the absorber plates. 

SCHEMATIC: 



A 1 =A Z -A 3 =(lmx£) 

£z --1.0,T z =60°C 

s s =10,T 3 ,70"’C 


ASSUMPTIONS: (1) Isothermal surfaces with uniform radiosity, (2) Absorber plates behave as 
blackbodies, (3) Cover plate is diffuse-gray and opaque to thermal radiation exchange with absorber 
plates, (4) Duct end effects are negligible. 

ANALYSIS: Applying Eq. 13.21 to the cover plate, it follows that 


E bl - J 1 = 


i-gj 

£lAj 



J l- J j 

(AiEijf 


“—^"[ a 1 e 12 ( J 1 +A l F l.q j l ~U)]- 

£ 1 A 1 


From symmetry, F 12 = F 13 = 0.5. Also, L = Eb 2 and J 3 = Eb 3 - Hence 
E bl — J 1 =0.0556(2Ji — E b 2 — E b3 ) 
or with Ef, = , 


l.lllJl =E bl +0.0556 (E b2 +E b3 ) 

1.111J! = 5.67x 1(T 8 (298) 4 W/m 2 + 0.0556(5.67x 10 -8 ) (333) 4 + (343) 
=476.64 W/m 2 

From Eq. 13.19 the net rate of radiation transfer from the cover plate is then 

E bl -J. = 5.67x10-^(298)^-476.64 _ 26i5 

/I „ \ „ A /I A A \ / A A / /)\ V / 


4 


W/m" 


(1-£,)/£, A, 


(l-0.9)/0.9(f) 


The net rate of radiation transfer to the cover plate per unit length is then 


q) = (qi / 1) = 266 W / m. < 

COMMENTS: Solar radiation effects are not relevant to the foregoing problem. All such radiation 
transmitted by the cover plate is completely absorbed by the absorber plate. 



PROBLEM 13.79 


KNOWN: Cylindrical peep-hole of diameter D through a furnace wall of thickness L. Temperatures 
prescribed for the furnace interior and surroundings outside the furnace. 

FIND: Heat loss by radiation through the peep-hole. 

SCHEMATIC: 


Furnace 
interior 
C =1300 K 



ASSUMPTIONS: (1) Steady-state conditions, (2) Furnace interior and exterior surroundings are 
large, isothermal surroundings for the peep-hole openings, (3) Furnace refractory wall is adiabatic and 
diffuse-gray with uniform radiosity. 


ANALYSIS: The open-ends of the cylindrical peep-hole (A | and A 2 ) and the cylindrical lateral 
surface of the refractory material (Ar) form a diffuse-gray, three-surface enclosure. The hypothetical 
areas Aj and A 2 behave as black surfaces at the respective temperatures of the large surroundings to 
which they are exposed. Since A r is adiabatic, it behaves as a re-radiating surface, and its emissivity 
has no effect on the analysis. From Eq. 13.30, the net radiation leaving Aj passes through the 
enclosure into the outer surroundings. 


qi = -02 


E bl- E b2 


l-£j 


+ - 


1 


£lA > >'lFl2+[(l/A 1 F 1R ) + (l/A 2 F 2R )] 


-1 


+ 


4 -8 2 4 

Since £1 = £2 = 1, and with Eb = a T where a = 5.67 x 10 W/m K , 


1 ~ g 2 
e 2 A 2 


qi = {a, f 12 + [(i/a, F| R )+(i/a 2 Fjr)] -t 2 4 ) 

2 

where Ai = A 2 = it D /4. The view factor F 12 can be determined from Table 13.2 (Fig. 13.5) for the 
coaxial parallel disks (R x = R 2 = 125/(2 x 250) = 0.25 and S = 17.063) as 
F 12 =0.05573 


From the summation rule on Aj, with Fj 1 =0, 

E 11+ E 12+ E 1R =1 
F 1R = 1 - F 12 = l - 0.05573 = 0.9443 
and from symmetry of the enclosure, 


P2 R = e 1 R = 0.9443 


Substituting numerical values into the rate equation, find the heat loss by radiation through the peep¬ 
hole to the exterior surroundings as 


qioss=qi = 1046W < 

COMMENTS: If you held your hand 50 mm from the exterior opening of the peep-hole, how would 
that feel? It is standard, safe practice to use optical protection when viewing the interiors of high 
temperature furnaces as used in petrochemical, metals processing and power generation operations. 














PROBLEM 13.80 


KNOWN: Composite wall comprised of two large plates separated by sheets of refractory insulation 
of thermal conductivity k = 0.05 W/m-K; gaps between the sheets of width w = 10 mm, located at 1 - 
m spacing, allow radiation transfer between the plates. 

FIND: (a) Heat loss by radiation through the gap per unit length of the composite wall (normal to the 
page), and (b) fraction of the total heat loss through the wall that is due to radiation transfer through 
the gap. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Surfaces are diffuse-gray with uniform radiosities, 
(3) Refractory insulation surface in the gap is adiabatic, and (4) Heat flow through the wall is one¬ 
dimensional between the plates in the direction of the gap centerline. 

ANALYSIS: (a) The gap of thickness w and infinite extent normal to the page can be represented by 
a diffuse-gray, three-surface enclosure formed by the plates A i and A 2 and the refractory walls, Ar. 
Since Ar is adiabatic, it behaves as a re-radiating surface, and its emissivity has no effect on the 
analysis. From Eq. 13.30, the net radiation leaving the plate Ai passes through the gap into plate A 2 . 


qi =-02 = 


E bl “ E b2 


1 - £1 1 

- 1 -. 

61 A > A, F 12 +[(1/A, F 1r ) + (1/A 2 Fjr)] - ' 


+ 


l~ g 2 
e 2 A 2 


4 -8 2 4 

where E^ = <7 T with a = 5.67 x 10 W/m K and A\ = Aj - w • i , but making t = 1 m to obtain 
q\ (W / m). 


The view factor F 12 can be determined from Table 13.2 (Fig. 13.4) for aligned parallel rectangles 
where X = X/ L = 00 since X —> 00 and Y = Y/ L = W/ L = 10/50 = 0.2 giving 

F 12 =0.09902 


From the summation rule on A), with Fj 1 = 0, 


E 11 + E 12 + E 1R =1 


F 1R = 1-F 12 =1-0.09902 = 0.901 


and from symmetry of the enclosure, 

F2R =e 1R =0.901. 


Continued 























PROBLEM 13.80 (Cont.) 


Substituting numerical values into the rate equation, find the heat loss through the gap due to radiation 
as 

qrad=qi=37W/m < 

(b) The conduction heat rate per unit length (normal to the page) for a 1 - m section is 

qcond = k (l m ) T| T2 = 0.05 W / m • K x 1 m ^ Q ° 3 ^ K 
L 0.050 mm 

Ocond = 365 W / m 

The fraction of the total heat transfer through the 1 - m section due to radiation is 

qrad _ qrad _ 37 _ < 

qtot qcond + qrad 365 + 37 

We conclude that if the installation process for the sheet insulation can be accomplished with a 
smaller gap, there is an opportunity to reduce the cost of operating the furnace. 



PROBLEM 13.81 


KNOWN: Diameter, temperature and emissivity of a heated disk. Diameter and emissivity of a 
hemispherical radiation shield. View factor of shield with respect to a coaxial disk of prescribed 
diameter, emissivity and temperature. 

FIND: (a) Equivalent circuit, (b) Net heat rate from the hot disk. 

SCHEMATIC: 


1 • e 3 1 t ~ e 4 

<=3*3 J 3 *3 F 34 J 4 e 4*4 



ASSUMPTIONS: (1) Surfaces may be approximated as diffuse/gray, (2) Surface 4 is reradiating, (3) 
Negligible convection. 

ANALYSIS: (a) The equivalent circuit is shown in the schematic. Since surface 4 is treated as 
reradiating, the net transfer of radiation from surface 1 is equal to the net transfer of radiation to 

surface 3 (qi = -q 3 ). 


(b) From the thermal circuit, the desired heat rate may be expressed as 

E bl- E b3 


qi = 


1-ei 1 2(l-£ 2 ) 

-- +-+ —-— + 

e l A l A 1 E 12 £ 2 A 2 


A 2^3 + 


1 


- + - 


1 


A 2^4 A 3P34 


+ 


1 ~ e \ 

e 3 A 3 


where A x = A 3 = nT>\ /4 = 71(0.05 m) 2 /4 = 1.963 x 10 3 m 2 , A 2 = 12 = 2A, = 3.925 x 10 " 3 m 2 , 

F 12 = 1, and F 24 = 1 - F 23 = 0.7. With F 34 = 1 - F 32 = 1 - F 23 (A 2 /A 3 ) = 1 - 0.3(2) = 0.4, it follows 
that 


Continued 








PROBLEM 13.81 (Cont.) 


qi = 


Ai <t(Ti 4 -T 3 4 ) 


1-gj , 1 , 2(l-g 2 ) Aj , 


e l A l ^12 e 2 A 2 


n-1 


A 2 

A 1 


^23 +' 


A 1 ^ A 1 


+ - 


A 2^4 A 3^34 


+ 


1 _£ 3 
^3 


qi 


qi 


a iCT ( t , 4 - t4 ) 


Aja^-T 4 ) 


0.667 + 1 + 49 + 


0.6 + 


1 


L4 04 


0.667 + 1 + 49 + 1.098 + 1.5 


+ 1.5 


: 0.01 88 (l .963 x 10~ 3 m 2 )5.67 x 10~ 8 W / m 2 ■ K 4 (900 4 - 400 4 ) K 4 


(900 4 -400 4 )] 


q! = 1.32 W < 

COMMENTS: Radiation transfer from 1 to 3 is impeded and enhanced, respectively, by the 
radiation shield and the reradiating walls. However, the dominant contribution to the total radiative 
resistance is made by the shield. 



PROBLEM 13.82 


KNOWN: Diameter, temperature and emissivity of a cylindrical heater. Dimensions, temperature, 
and emissivity of a reflector. Temperature of large surroundings. 


FIND: (a) Equivalent circuit and values of associated resistances and driving potentials, (b) Required 
electric power per unit length of heater. 

SCHEMATIC: 




ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Surroundings form a large enclosure which may 
be represented by a hypothetical surface of temperature T 3 = T sur and emissivity £ 3 = 1 . 

ANALYSIS: (a) The circuit is shown in the schematic, where the hypothetical surface is part of a 
three-surface enclosure. On a unit length basis, the circuit resistances are 


l~£j _ 0.2 

£\A.'\ 0.8(;r)(0.03m) 

1 1 


= 2.65m 


-1 


Aft 2 tt (0.03 m) 0.625 

1 1 


= 16.98 m 


-1 


Aft 3 K (0.03 m) 0.375 
1 1 1 


= 28.30m 


-1 


A. 2 F 23 A 3 F 32 (0.15m)0.764 


= 8.73 m 


-1 


0.9 


l~g2 __ 

£ 2 A 2 0.1 (0.30 m) 


= 30 m 


-1 


The view factor F 13 is obtained from the summation rule, where F 13 = 1 - F 12 = 1 - 0.625 = 0.375. 
Similarly, F 32 = 1 -F 31 , where F 31 - Fj 3 (A\ / A3) = 0.375(TtD/W) = 0.37571(0.03 m/0.15 m) - 

0.236. Hence, F 32 = 0.764. The potentials are 


Continued 





PROBLEM 13.82 (Cont.) 


E bl =cjT 1 4 =5.67xlO“ 8 W/m 2 K 4 (945 K ) 4 = 45,220 W/m 2 < 

E b2 =<7T 4 =5.67xiO^W/m 2 -K 4 (385 K ) 4 =1246W/m 2 < 

E b3 = oT 4 = 5.67x 10 “ 8 W/m 2 K 4 (300 K ) 4 =459 W/m 2 < 

(b) The required heater power may be obtained by applying Eq. (13.19) to node 1. Hence, 

' E bl~ J l 
1 (l ~£] )/£] A] 

The radiosity may be obtained by applying radiation balances to nodes Ji and L: 

Ebl-Jl Jl~J 2 , Jl-E b 3 

(l- ei )/eiAj 1/Afi 2 1/Afi 3 


E b2 ~ J 2 = J 2 ~ J 1 | J 2 ~ E b3 

(l —e 2 )/ £ 2 A 2 1/A^2 1 /A 2p23 

2 2 

Substituting the known potentials and solving, we obtain J ] = 37,600 W/m and L = 11,160 W/m . 
Hence 


, (45,220-37,600) W/m 2 

q[ =--—-= 2875 W/m 

2.65m 1 


< 


COMMENTS: Additional power would have to be supplied to compensate for heat transfer by free 
convection from the heater to the air. 



PROBLEM 13.83 


KNOWN: Cylindrical cavity with prescribed geometry, wall emissivity, and temperature. 

FIND: Net radiation heat transfer from the cavity assuming the surroundings of the cavity are at 300 K. 

SCHEMATIC: 



A : = A 3 = 7tD 2 / 4 = 7.85x10 3 m 2 

A 2 = 7rDL = 1.57xl0“ 2 m 2 
F) 3 =F 31 =0.38 F 3 2 =fi 2 =0.62 

^21 =F 23 =0-310 
Tj =T 2 =1500 K 

£j = £ 2 = 0-6 


ASSUMPTIONS: (1) Cavity interior surfaces are diffuse-gray, (2) Surroundings are much larger than 
the cavity opening A 3 ; T 3 = T sur = 300 K and £ 3 = 1 . 

ANALYSIS: The net radiation heat transfer from the cavity is -q 3 , which from Eq. 13.20 is, 

03 =A 3 r l3l( J 3 _J l) + A 3 F 32( J 3 _J 2)- C 1 ) 

While J 3 = El -,3 since £ 3 = 1 , Ji and J 2 are unknown and must be obtained from the radiation balances, 
Eq. 13.21. 

N T. _ T. 

.V 1 J i J i 


E bi Jj 

0- £ i)/ £ i A i 


i=l (AiF.j) 


-1 


( 2 ) 


From Fig. 13.5 with L/r | = 0.050/0.050 = 1 and 1 ' 3 /L = 1, find F 13 = 0.38. From summation rule and 
reciprocity: F32 = F12 = 1 - F12 = 0.62 and F21 = F 23 = (A 3 F 32 VA 2 = 0.310. Note also, E b i = E b2 = 
cjTj 4 = a(1500K) 4 = 287,044 W/m 2 and J 3 = E b3 = ctT 4 = 459.3 W/m 2 . 


At: 


E bl - J 1 


J 1~ J 2 _ + _ J 1~ J 3 


(l-£l)/£l A l (a^ 2 ) 1 (A^) 

287,044 _ J 1 -J 2 J! -459.3 
(l- 0 . 6 )/ 0.6 (0.62 ) _1 (0.38) -1 


-1 


2.5J 1 -0.62J 2 = 430,741 


(3) 


A 2 : 


E b2 ~ J 2 


J 2 _J 1 _ + . J 2“ J 3 


(l-£ 2 )/ £ 2 A 2 (A 2 F 2 O 1 (A 2 F 23 ) 

287,044-J 2 _ J 2 -Ji + J 2 -459.3 


-1 


-0.31J : +2.140J 2 = 430,708 

2 


(4) 


(l- 0 . 6 )/ 0.6 ( 0 . 31 ) 1 (0.31) 1 

Solving Eqs. (3) and (4) simultaneously, find Ji = 230,491 W/m" and J 2 = 234,654 W/m”, and from Eq. 
( 1 ), find 

q 3 = 7.854X 10 “ 3 m 2 [0.38 (459.3 - 230,491) + 0.62 (459.3 - 234,654)] W / m 2 = -1827 W. 


Hence, 1827 W are transferred from the cavity to the surroundings. 



PROBLEM 13.84 


KNOWN: Circular furnace with prescribed temperatures and emissivities of the lateral and end 
surfaces. 

FIND: Net radiative heat transfer from each surface. 


SCHEMATIC: 


= 800 /C, £3 = 0.8 
D=0.3m 



A z , T z =500K, E-z-O.S 


A.J^OOK^OA - 

ASSUMPTIONS: (1) Surfaces are isothermal and diffuse-gray. 

ANALYSIS: To calculate the net radiation heat transfer from each surface, we need to determine its 
radiosity. First, evaluate terms which will be required. 


E bl = <rT| = 1452 W / m" 


'1 


E b 2 =C7T 2 =35 44 W/ m 2 
E b3 = C7T 3 4 = 23,224 W / m 2 


At = A 2 = ;rD 2 / 4 = 0.07069 m 2 
Ao = 7 tDL = 0.2827 m 2 


fi 2 =F 21 =0.17 
f 23 =r l 3 =0-83 


The view factor F 12 results from Fig. 13.5 with L/t'j = 2 and rj/L = 0.5. The radiation balances using 
Eq. 13.21, omitting units for convenience, are: 

Al : = °- Q7Q69 x 0.17 (Ji - J 2 ) + 0.07069 x 0.83 (J x - J 3 ) 

0.4x0.07069 

-2.500J 1 +0.2550J 2 +1.2450J 3 =-1452 (1) 

A 2 : 3544-J 2 = Q-Q7069x0 , 17 (j 2 -Jj) + 0.07069x0.83(J 2 -J 3 ) 

(1 ~ 0-3 J 

0.5x0.07069 


A 3 : 


-0.1700J! -2.0000J 2 +0.8300J 3 = -3544 

23 224-Ji 

—= 0.07069x 0.83 (J 3 - J : ) +0.07069x 0.83 (J 3 - J 2 ) 
0.8x0.2827 


( 2 ) 


0.05189Jj+ 0.05189J 2 -1.1037J 3 =-23,224 (3) 

Solving Eqs. (1) - (3) simultaneously, find 

Ji =12,877W/m 2 J 2 = 12,086 W/m 2 J 3 = 22,216W/m 2 . 

Using Eq. 13.22, the net radiation heat transfer for each surface follows: 

N 

9i = ^ AjFjj (Jj — Jj) 
j=l 


A : : q : = 0.07069x0.17(12,877 — 12,086) W + 0.07069x0.83(12,877 — 22,216) W = —538 W < 
A 2 : q 2 =0.07069x0.17(12,086-12,877)W + 0.07069x0.83(l2,086-22,216)W = -603W < 
A 3 : q 3 =0.07069x0.83(22,216-12,877)W+ 0.07069x0.83(22,216-12,086)W = 1141W < 


COMMENTS: Note that Eq; = 0. Also, note that J 2 < J 1 despite the fact that T 2 > T|; note the role 
emissivity plays in explaining this. 



PROBLEM 13.85 


KNOWN: Four surface enclosure with all sides of equal area; temperatures of three surfaces are 
specified while the fourth is re-radiating. 

FIND: Temperature of the re-radiating surface A 4 . 


SCHEMATIC: 


A+, insulated surface 



A 2 7^ = 100K e 1 = 0.7 
A 2 T z - 500K e. z -0.S 

a 3 t 3 =zook £ 3 =q3 

A 4 Reradiating -surface 


ASSUMPTIONS: (1) Surfaces are diffuse-gray, (2) Surfaces have uniform radiosities. 

ANALYSIS: To determine the temperature of the re-radiating surface A 4 , it is necessary to recognize 
4 

that J 4 = E b4 = 0 T 4 and that the Jj (i = 1 to 4) values must be evaluated by simultaneously solving four 
radiation balances of the form, Eq. 13.21, 

E bi ~ J i _ y J i ~ jj 
(l- Ci )/ 8 i A i -^ (A . Fij) -l 

2 

For simplicity, set Ai = A 2 = A 3 = A 4 = 1 m and from symmetry, it follows that all view factors will be 
Fy = 1/3. The necessary emissive powers are of the form E b ; = aT 4 . 

E bl = <3(700 K) 4 = 13,614 W/m 2 , E b2 = <3(500 K) 4 = 3544 W/m 2 , E b3 = c>(300 K) 4 = 459 W/m 2 . 


The radiation balances are: 

, 13,614-Jj 1 . 1. .1. . 

Ap -— = -(jj -J 2 ) + -(j, - J 3 ) + —(jj - J 4 );-l.42857Jj + 0.14826J 2 + 0.14826J 3 + 0.14826J 4 =-13,614 

0-0.7)/0.7 3 “3 3 

. 3544-J 2 1 1 1 

A 2 : -— = - (J 2 - Jj ) + - (J 2 - J 3 ) + - (Jo - J 4 ) 0.33333J] - 2.00000J o + 0.33333J 3 + 0.33333J 4 = -3544 

(l -0.5)/0.5 3^3 3 

, 459-J 3 1 v 1. x v 

A 3 : --— = - (J 3 - Jj ) + - (J 3 - J 2 ) + - (J 3 - J 4 ) 0.77778J, + 0.77778Jo - 3.33333J 3 + 0.77778J 4 = -459 

(l -0.3)/0.3 3 3 “ 3 

A 4 : 0 = - (J 4 - Jj ) + - (J 4 - J 2 ) + - (J 4 - J 3 ) 0.33333Jj + 0.33333J 2 + 0.33333J 3 -1.00000J 4 = 0 


Solving this system of equations simultaneously, find 

J j - 11,572 W/m 2 , J 2 - 6031 W/m 2 , J 3 - 6088 W/m 2 , 
Since the radiosity and emissive power of the re-radiating surface are equal, 
T} =J 4 /(7 

T 4 =^7897 W/m 2 /5.67xl0“ 8 W/m 2 K 4 ^ 4 = 611 K. 


J 4 = 7897 W/m 2 . 


< 


COMMENTS: Note the values of the radiosities; are their relative values what you would have 
expected? Is the value of T 4 reasonable? 




PROBLEM 13.86 


KNOWN: A room with electrical heaters embedded in ceiling and floor; one wall is exposed to the 
outdoor environment while the other three walls are to be considered as insulated. 

FIND: Net radiation heat transfer from each surface. 


SCHEMATIC: 



ASSUMPTIONS: (1) Diffuse-gray surfaces, (2) Surfaces are isothermal and irradiated uniformly, 
(3) Negligible convection effects, (4) A 5 = A 5 A + A^b- 


ANALYSIS: To determine the net radiation heat transfer from each surface, find the surface 
radiosities using Eq. 13.20. 


5 

Oi = ^ Atfj (jj 

j=l 



(1) 


To determine the value of Jj, energy balances must be written for each of the five surfaces. For 
surfaces 1, 2, and 3, the form is given by Eq. 13.21. 


Ebi-lj y J i- J j 
(l- £ i> /£ i A i MfA.F.J 1 


i = 1,2, and 3. 


( 2 ) 


For the insulated or adiabatic surfaces, Eq. 13.22 is appropriate with qj = 0; that is 
N j. _ j. 

E J i J 1 

■ 


J=1 (AiUj) 


-1 


= 0 


i = 4 and 5. 


(3) 


In order to write the energy balances by Eq. (2) and (3), we will need to know view factors. Using 
Fig. 13.4 (parallel rectangles) or Fig. 13.5 (perpendicular rectangles) find: 

F i2 = F 2 i = 0.39 X/L - 10/4 = 2.5, Y/L = 6/4 =1.5 

F 13 = F 14 = 0.19 TJX = 4/10 = 0.4, Y/X = 6/10 = 0.6 

F 34 = F 43 = 0.19 X/L = 10/6 = 1.66, Y/L = 4/6 = 0.67 

F 24 = F 13 = 0.19 TJX = 4/10 = 0.4, Y/X = 6/10 = 0.6 

Note the use of symmetry in the above relations. Using reciprocity, find, 


Ao Ao 60 

F^ = —F 23 = —F 3 = —x0.19 = 0.285; 
A 3 A 3 40 


F 51 =—^5 =—x0.23 = 0.288; 
A 5 48 


60 


Ri = —E 3 = —x 0.19 = 0.285 
A 3 40 

40 


F 53 = —— F 35 = —x 0.25 =0.208. 
A 5 48 


From the summation view factor relation, 

Fq 5 = !-Il2-fT3-fT4 = f-0-39-O- 19 -0T9 = 0.23 
% = 1 -F3l-F32-f34 = 1 -0.285-0.285-0. 1 9 = 0.24 


Continued 





PROBLEM 13.86 (Cont.) 


4 

Using Eq. (2), now write the energy balances for surfaces 1, 2, and 3. (Note = oT ). 

544.2- J} = Jj ~J2 : J 1~ J 3 , J 1~ J 4 | J 1~ J 5 

1-0.8/0.8x60 1/60x0.39 1/60x0.19 1/60x0.19 1/60x0.23 

-1.2500J r + 0.0975J 2 + 0.0475J 3 + 0.570J5 = - 544.2 

617.2- J 2 = J 2 -J 1 | h~ } 3 { J 2~ J 4 | J 2~ J 5 

1-0.9/0.9x60 1/60x0.39 1/60x0.19 1/60x0.19 1/60x0.23 

+0.0433Ji - UIIJ 2 + 0.02111J 3 + 0.02111J 4 + 0.02556J 5 = - 617.2 

390.1-J 3 J 3 ~Jf , J 3 -J 2 , J 3 -J 4 , J 3 -J 5 

1-0.7/0.7x40 1/40x0.285 1/40x0.285 1/40x0.19 1/40x0.24 

+0.1221Ji + 0 . 1221 J 2 - 1.4284J 3 + 0.08143J 4 + O.IO 28 J 5 = - 390.1 
Using Eq. (3), now write the energy balances for surfaces 4 and 5 noting q 4 = qs = 0. 

Q J4-Jl , J 4 -J 2 , J 4 -J 3 , J 4 -J 5 

1/40x0.285 1/40x0.285 1/40x0.19 1/40x0.24 

0.285J 1 + 0.285J 2 + 0.19J 3 - 1-0J 4 + 0.24J 5 = 0 

Q _ J 5~ J 1 , J 5~ J 2 , J 5~ J 3 , J 5~ J 4 

1/48x0.288 1/48x0.288 1/48x0.208 1/48x0.208 

0.288Ji + 0.288J 2 + O. 2 O 8 J 3 + O. 2 O 8 J 4 - 0.992J 5 = 0 


(4) 

(5) 

( 6 ) 

(7) 

( 8 ) 


Note that Eqs. (4) - (8) represent a set of simultaneous equations which can be written in matrix 
notation following treatment of Section 13.3.2. That is, [A] [J] = [C] with 


-1.250 0.0975 0.0475 0.0475 0.0575“ 


“-544.2“ 


“545.1“ 

0.0433 -1.111 0.02111 0.02111 0.02556 


-617.2 


607.9 

0.1221 0.1221 -1.4284 0.08143 0.1028 

C = 

-390.1 

J = 

441.5 

0.285 0.285 0.190 -1.000 0.240 


0 


542.3 

0.288 0.288 0.208 0.208 -0.992 


0 


5410 


where the Jj were found using a computer routine. The net radiation heat transfer from each of the 
surfaces can now be evaluated using Eq. (1). 

qi = AiFuCJi -h) + A lFl3(Jl - J 3 ) + A lFl4Ul - J 4 ) + A lFl5(Jl - J 5 ) 
qi = 60 m 2 [0.39(545.1 - 607.9) 

+0.19(545.1 - 441.5) + 0.19(545.1 - 542.3) + 0.23(545.1 - 541.0)] W/m 2 = - 200 W < 
q 2 = 60 m 2 [0.39(607.9 - 545.1) 

+0.19(607.9 - 441.5) + 0.19(607.9 - 542.3) + 0.23(607.9 - 541.0) W/m 2 = 5037 W < 
q 3 = 40 m 2 [0.285(441.5 - 545.1) + 0.285(441.5 - 607.9) 

+0.19(441.5 - 542.3) + 0.24(441.5 - 541.0)] W/m 2 = - 4,799 W < 

Since A 4 and A 5 are insulated (adiabatic), q 4 = qs = 0. < 

COMMENTS: (1) Note that the sum of qj + q 2 + q 3 = + 38 W; this indicates a precision of less than 
1% resulted from the solution of the equations. (2) The net radiation for the ceiling, Aj, is into the 
surface. Recognize that the embedded heaters function to offset heat losses to the room air by 
convection. 



PROBLEM 13.87 


KNOWN: Cylindrical cavity closed at bottom with opening at top surface. 

FIND: Rate at which radiation passes through cavity opening and effective emissivity for these 
conditions: (a) All interior surfaces are black and at 600 K. (b) Bottom surface of the cavity £ = 0.6, T 
= 600 K; other surfaces are re-radiating, (c) All surfaces are at 600 K with emissivity 0.6, (d) For the 
cavity configurations of parts (b) and (c), compute and plot £ e as a function of the interior surface 
emissivity over the range 0.6 to 1.0 with all other conditions remaining the same. 

SCHEMATIC: 



ASSUMPTIONS: (1) Surfaces are opaque, diffuse and gray, (2) Surfaces as subsequently defined 
have uniform radiosity, (3) Re-radiating surfaces are adiabatic, and (4) Surroundings are at 0 K so that 
Ti = 0Kand£! = 1.0. 

ANALYSIS: Define the hypothetical surface Aj, the cavity opening, having T] =0 K for which Eb.i 
= Jj = 0. The radiant power passing through the cavity opening A ] will be -q ] due to exchange 
within the four-surface enclosure. The effective emissivity of the cavity is defined as the rate of the 
radiant power leaving the cavity to that from a blackbody having the same area of the cavity opening 
and at the temperature of the inner surface of the cavity. That is, 

£ e =-q 1 /A 1 C7T 4 (1) 

where T is the cavity surface temperature. Recognizing that the analysis will require knowledge of 
view factors, begin by evaluating them now. 

For this four-surface enclosure (N=4), N(N-l)/2 = 6 view factors must be directly determined. The 

2 

remaining N -6 = 10 can be determined by the summation rules and the reciprocity relations. By 
inspection, 

(1-4): Fn=0 Fi4 = 0 F22 = 0 F44 = 0 

Using the view factor equation for coaxial parallel disks, Table 13.2, or Fig. 13.5, evaluate F21, 

(5) : F 2 i= 0.030 with rj/L = 7.5/40 = 0.188, L/ ri = 40/15 = 2.67. 

Considering the top and bottom surfaces, use the additive rule, Eq. 13.5, 

(6) : F24 = F 2 (1.4) —F 2 i (2) 

where F 2 (i.4) can be evaluated using the coaxial parallel disk relations again 

F 2 (i. 4 ) = 0.111 with r (1 4)/L = 15/40 = 0.375, L/r 2 = 40/15 = 2.67 

Substituting numerical values, find 
F 24 = 0.111 -0.030 = 0.081 

Continued. 
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Using the summation rule for each surface, plus appropriate reciprocity relations, the remaining view 
factors can be determined. Written as a matrix, the Fjj are 


0 * 

0.120 

0.880 

0 

0.0300* 


0* 0.889 

0.0811* 

0.0413 

0.167 

0.667 

0.125 

0 * 

0.108 

0.892 

0 * 


The Fy shown with an asterisk were independently determined. 

(a) When all the internal surfaces of the cavity are black at 600 K, the cavity opening emits as a black 
surface and the effective emissivity is unity. Using Eq. 13.14, the heat rate leaving Aj is 

3 

qi = £ W ( T l 4 -'Tl 4 ) ='<7 ( T l 4 -'T 4 ) ■ A 1 ft 2 + % +*14 ] (3) 

i=l 

q : = 5.67 xlO 8 W / m“ • K 4 |o 4 — 600 4 j K 4 x 1.767 x 10 _4 m“ x [0.120 + 0.880 + 0] = —1.298 W < 

From Eq. (1), it follows that the effective emissivity must be unity. 

£| = 1 < 


(b) When the bottom surface of the cavity is T 2 = 600 K with 82 = 0.6 and all other surfaces are re¬ 
radiating, an enclosure analysis to obtain q | involves use of Eqs. 13.21 and 13.22. The former will be 
used on A 2 and the latter on the remaining areas. 


A 2 : 


E b 2 


J 2~ J 1 | J 2~ J 3 , J 2~ J 4 


(l~ e 2) /e 2 A 2 1 /A 2 F 21 1/A 2 F 23 1 / A 2 E 24 


7384-J 2 


j 2 -o 


h-h 


J 2 -J 4 


(l-0.6)/0.6A 2 1/0.03A 2 1/0.889A 2 1/0.811A 2 

where E b2 = ctT 2 = c>(600K) 4 = 7348 W/m 2 and Jj - E bl = ctT 4 = <j(0 ) 4 = 0 W/m 2 . 


A 3 : 


Q _ J 3~ J 1 , J 3 ~ J 2 , J 3 ~ J 4 


!/ A 3^3l 1/A 3f32 1/A 3% 


0 = 


J 3 -0 


J 3 -J 2 


J 3 _J 4 


A 4 : 


1/0.0413A 3 1/0.167 A 3 1/0.125A 3 

Q= J 4~ J 1 , J 4~ J 2 , J 4 _J 3 


0 = 0 + 


1/ A4F41 1/ A4F4 2 1/ A4F4 3 

J4-J2 , J4 ~ ^3 


- + - 


I/O.IO8A4 1/0.892A 4 

Solving Eqs. (4,5,6) simultaneously, find 

Jt h 

0 6450 

and the heat rate leaving surface A | is 


J 3 

5284 


J 4 (W/m ) 
5378 


(4) 


(5) 


( 6 ) 


Continued 
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J 1 J 2 + J 1 J 3 + J 1 J 4 = 0.9529 W (7) 

l/Ajfh 1/Aft 3 1/A^ 4 

From Eq. (1), the cavity effective emissivity 

=_-0.734 < 

A^T 4 1.767x10 4 m 2 (T(600 K ) 4 


(c) When all the interior surfaces are at 600K (T 2 = T 3 = T 4 = 600 K) and £ = 0.6 (£2 = £3 = £4 = 0.6), 
apply the radiation surfaces energy balances using Eq. 13.21 to A 2 , A 3 , and A 4 

At E b2 ~ J 2 J 2~ J 1 | J 2~ J 3 , J 2~ J 4 

(l-£ 2 )/£2A 2 l/A 2 F2i 1/A 2 F 2 3 1/A 2 f^4 


7384-J 2 
(l-0.6)/0.6A 2 


J 2~° | J 2~ J 3 , J 2~ J 4 

1/0.03A 2 1/0.889A 2 1/0.811A 2 


(8) 


A 3 : 


E b3~ J 3 _ J 3~ J 1 | J 3~ J 2 | J 3~ J 4 _ J 3~° | J 3~ J 2 | J 3~ J 4 ^ 

(l — £ 3 )/£ 3 A 3 1/A 3 F^ I/A 3 F 32 I/A 3 F 34 1/0.0413A 3 1/0.167A 3 1/0.125A 3 


A4: 


E b 4 -J 4 _ J 3 -J 1 | J 4 ~ J 2 | J 4~ J 3 =Q| J 4~ J 2 , J 4~ J 3 


(l — £ 4 )/ £ 4 A 4 1/A 4 F 41 1/A 4 F 42 I/A 4 F 43 I/O.IO 8 A 4 1/0.892A 4 


Solving Eqs. ( 8 , 9, 10) simultaneously, find 


Jt 

0 


J 2 

7192 


J 3 

7164 


J 4 (W/m“) 
7276 


and the heat rate leaving surface A | is 


91 


J 1~ J 2 | J 1~ J 3 , J 1~ J 4 

1/Ajfi 2 l/Ajfu 


-1.267 W 


From Eq. (1), the cavity effectiveness is 


£ 


e 


~9l 

AicrT 2 4 


1.267W 

1.767x 10 -4 vcCa (600 K ) 4 


0.976 


< 


< 


(d) For the cavity configurations of parts (b) and (c) and selected cavity depths, £ e was computed as a 
function of the interior surface emissivity £ = £ 2 = £4 using an IHT model. The model included the 
following tools: Radiation-View Factors: Relations and Formulas (Coaxial parallel disks); 
Radiation-Radiation Surface Energy Balance Relations. See comment 2 below. 


Continued 
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Part (b) - Reradiating surfaces A2, A3 



- L = 20 mm 

o L = 40 mm 
-a— L = 80 mm 


For the cavity configurations of part (b) - re -radiating surfaces A 3 and A 4 - the £ e vs. £2 plot shows 
that for all cavity depths, the effective emissivity increases as the emissivity of the bottom surface, £ 2 , 
increases. Note that even when £ 2 = 1 , the cavity effective emissivity is always less than unity. Why 
must that be so? The effect of increasing the cavity depth is to increase the effective emissivity. 



——- L = 20 mm 
-®— L = 40 mm 
-A— L = 80 mm 


For the cavity configuration of part (c) - all interior surfaces at 600 K and £ = 0.6 - the effective 
emissivity increases with increasing interior surface emissivity. In the limit when £ —» 1, £ e —> 1 as 
expected, and the cavity performs as an isothermal enclosure. The effective emissivity increases with 
increasing cavity depth. 

COMMENTS: (1) This arrangement of a cavity, referred to as a cylindrical cavity with a lid (A 4 ), is 
widely used for radiometric applications to calibrate radiometers, radiation thermometers, and heat 
flux gages. The effective emissivity can be improved by constructing the cavity with a conical bottom 
surface (rather than a flat bottom). Why do you think this is so? 

(2) The IHT model used to generate the part (b) graphical results is quite extensive. It is good practice 

to build the code in pieces, beginning with evaluation of the view factors. To avoid divide-by-zero 

-20 

errors, use small values for variables which are zero, such F 22 = le . Also, set unity emissivity 
values as 0.9999 rather than 1.0. The set of equations is very stiff, especially because of the re- 
radiating surface where T 3 and T 4 are unknowns. You should provide Initial Guess minimum values 
for T 3 and T 4 (> 0, positive) and unknown radiosities (> 0, positive). 





PROBLEM 13.88 


KNOWN: Cylindrical furnace of diameter D = 90 mm and overall length L = 180 mm. Heating 
elements maintain the refractory liming (£ = 0.8) of section (1), L| = 135 mm. at Ti = 800°C. The 
bottom (2) and upper (3) sections are refractory lined, but are insulated. Furnace operates in a 
spacecraft environment. 

FIND: Power required to maintain the furnace operating conditions with the surroundings at 23°C. 

SCHEMATIC: 



ASSUMPTIONS: (1) All surfaces are diffuse gray, (2) Uniform radiosity over the sections 1, 2, and 
3, and (3) Negligible convection effects. 


ANALYSIS: By defining the furnace opening as the hypothetical area A 4 , the furnace can be 
represented as a four-surface enclosure as illustrated above. The power required to maintain Aj at Ti 


is qi, the net radiation leaving A\. To obtain qi following the methodology of Section 13.2.2. we 
must determine the radiosity at all surfaces by simultaneously solving the radiation energy balance 
equations for each surface which will be of the form, Eqs. 13.20 or 13.21. 

E bi -Ji Jj-Jj 

qi = „ d.2) 


(l-£i)/£iAi p/Ajlij 


Since £4 = 1, J 4 = E b 4 , so we only need to perform three energy balances, for Aj, A 2 , and A 3 , 
respectively 


Ai: 

( 1 - 

A 2 : 

0 = - 

A 3 : 

0 = - 


bl J 1 


J 2 -Jl 

l/A 2 F2i 

J 3 -J 1 

1 /A 3 ^i 


J 1~ J 2 | J 1~ J 3 
" l/A 1 Iq 2 l/Aflg 

J 2 - J 3 + ^ 2~^4 
1/A 2 F23 1/ A 2 F) 4 

J 3~ J 2 , J 3~ J 4 
1 /A3F32 1/A3F34 


| J 1~ J 4 
1 /A^q 


(3) 

(4) 

(5) 


Note that q 2 = q 3 = 0 since the surfaces are insulated (adiabatic). Recognize that in the above 
equation set, there are three equations and three unknowns: Jj, J 2 , and J 3 . From knowledge of J 1 . qi 
can be determined using Eq. (1). Next we need to evaluate the view factors. There are N =4 =16 
view factors and N(N — l)/2 = 6 must be independently evaluated, while the remaining can be 
determined by the summation rule and appropriate reciprocity relations. The six independently 
determined Fjj are: 


By inspection: (1) F 22 = 0 (2) F 44 = 0 

Coaxial parallel disks: From Fig. 13.5 or Table 13.5, 

Continued 








PROBLEM 13.88 (Cont.) 


F 24 = 0.5 |S - 
(3) F 24 = 0 . 5 ( 18 - 


S 2 -4(r 4 /r 2 )- 


1/2 


18 2 -4(1) 2 


1/2 


= 0.05573 


1 + R7 1 + 0.250 2 

S = 1 +-— = 1 +-= 18.00 R 2 =r 2 /L = 45/180 = 0.250 R 4 = r 4 /L = 0.250 

R 2 0.250 2 

Enclosure 1-2-2': from the summation rule for A 2 , 

(4) F 2 i = 1 -F 22 ’ = 1 -0.09167 = 0.9083 

where F 22 ' can be evaluated from the coaxial parallel disk relation, Table 13.5. For these surfaces, R 2 
= r 2 /Li = 45/135 = 0.333, Rr = r 2 /Li = 0.333, and S = 11.00. From the summation rule for A 1 , 

(5) Fn = 1 - F 12 - F 12 ' = 1 - 0.1514 - 0.1514 = 0.6972 
and by symmetry Fi 2 = F| 2 ' and using reciprocity 

F ^2 = A 2 F 21 /A 1 = |>r(0.090m)(2/4)]x0.9083/7rx0.090mx0.135m = 0.1514 

Enclosure 2'-3-4: from the summation rule for A 4 , 

( 6 ) F 43 = 1 - F 4 r - F 44 = 1 - 0.3820 - 0 = 0.6180 

where F 44 = 0 and using the coaxial parallel disk relation from Table 13.5, with R 4 = r 4 /L 2 = 45/45 = 
1, R 2 ' = r 2 /L 2 = 1, and S = 3. 


The View Factors: Using summation rules and appropriate reciprocity relations, the remaining 10 
view factors can be evaluated. Written in matrix form, the Fjj are 

0.6972* 0.1514 0.09704 0.05438 

0.9083* 0* 0.03597 0.05573* 

0.2911 0.01798 0.3819 0.3090 

0.3262 0.05573 0.6180* 0* 

The Fjj shown with an asterisk were independently determined. 

From knowledge of the relevant view factors, the energy balances, Eqs. (3, 4, 5), can be solved 
simultaneously to obtain the radiosities, 

Ji =73,084W/m 2 J 2 = 67,723 W/m 2 J 3 = 36,609 W/m 2 

The net heat rate leaving Ai can be evaluated using Eq. (1) written as 

E h1 - Ji (75,159 - 73,084) W / m 2 

91=7- b \ 1 = —- 1 ---— = 317 W 

(l-e^/gjAj (l -0.8)/0.8x0.03817 m“ 

where E M = crT 4 = o(800 + 273K) 4 = 75,159 W/m 2 and Ai = 7tDLi = n x 0.090m x 0.135m = 
0.03817 m 2 . 


COMMENTS: (1) Recognize the importance of defining the furnace opening as the hypothetical 
area A 4 which completes the four-surface enclosure representing the furnace. The temperature of A 4 
is that of the surroundings and its emissivity is unity since it absorbs all radiation incident on it. (2) 

To obtain the view factor matrix, we used the IHT Tool, Radiation, View Factor Relations, which 
permits you to specify the independently determined Fjj and the tool will calculate the remaining ones. 



PROBLEM 13.89 


KNOWN: Rapid thermal processing (RTP) tool consisting of a lamp bank to heat a silicon wafer 
with irradiation onto its front side. The backside of the wafer (1) is the top of a cylindrical enclosure 
whose lateral (2) and bottom (3) surfaces are water cooled. An aperture (4) on the bottom surface 
provides for optical access to the wafer. 


FIND: (a) Lamp irradiation, Gi amp , required to maintain the wafer at 1300 K; heat removal rate by 
the cooling coil, and (b) Compute and plot the fractional difference (Ebi - Ji)/Ebi as a function of the 
enclosure aspect ratio, L/D, for the range 0.5 < L/D < 2.5 with D = 300 mm fixed for wafer 
emissivities of £i = 0.75, 0.8, and 0.85; how sensitive is this parameter to the enclosure surface 
emissivity, £2 = £ 3 . 


SCHEMATIC: 


L = 300 mm 


0 - 0- -0- 


Radiant lamp bank 


G/amp 



ASSUMPTIONS: (1) Enclosure surfaces are diffuse, gray, (2) Uniform radiosity over the enclosure 
surfaces, (3) No heat losses from the top side of the wafer. 


ANALYSIS: (a) The wafer-cylinder system can be represented as a four-surface enclosure. The 
aperture forms a hypothetical surface, A 4 , at T 4 = T 2 = T 3 = 300 K with emissivity £ 4=1 since it 
absorbs all radiation incident on it. From an energy balance on the wafer, the absorbed lamp 
irradiation on the front side of the wafer, 0 t w Gi amp , will be equal to the net radiation leaving the back¬ 
side (enclosure-side) of the wafer, qp To obtain qi, following the methodology of Section 13.2.2, we 
must determine the radiosity of all the enclosure surfaces by simultaneously solving the radiation 
energy balance equations for each surface, which will be of the form, Eqs. 13.20 or 13.21. 

^bi — Ji 


N J -J 

q . =_^_ —=y 1 J 

1 (l- £ i)/ e i A i p/AiFy 


( 1 , 2 ) 


Since £4 = 1 , J4 = E^, we only need to perform three energy balances, for A1, A2 and A3, 
respectively, 

A . E bl ~ J 1 J 1~ J 2 , J 1~ J 3 | J 1~ J 4 

'■ {l~e l )/A l 1/Afi 2 l/A^g l/Ajfu 

At E b2 ~ J 1 = J 2 ~ J 1 | J 2~ J 3 , J 2~ J 4 

(l-£ 2 )/A 2 l/A 2 F2i LA2F23 1 /A 2 f ^4 


(3) 

(4) 


Continued 
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E b3 ~ J 3 J 3~ J 1 | J 3~ J 2 | J 3~ J 4 

(l-£ 3 )/A 3 1 /A 3 F 31 I/A3F32 I/A3F34 


( 5 ) 


Recognize that in the above equation set, there are three equations and three unknowns: Jj, J 2 , and J 3 . 
From knowledge of the radiosities, the desired heat rate can be determined using Eq. (1). The 
required lamp irradiation. 


^tampAi qi 


E bl ~ J 1 

(!■Ai 


( 6 ) 


and the heat removal rate by the cooling coil, q co ib on surfaces A 2 and A 3 , is 

q CO ii = -( 02 + 03 ) 

where the net radiation leaving A 2 and A 3 are, from Eq. (1), 

E b2~ J 2 E b3~ J 3 

( 1_e 2) /e 2 A 2 1 (l -e 3 V e 3 A 3 


(7) 

(8,9) 


The surface areas are expressed as 

A : = nT)\ / 4 = 0.07069 m“ A 2 = ttDjL = 0.2827 (10,11) 

Ay =71 |d 2 -D 4 j = 0.06998m“ A 2 = ttdJ / 4 = 0.0007069 m 2 (12,13) 

2 2 

Next evaluate the view factors. There are N =4 =16 and N(N - l)/2 = 6 must be independently 
evaluated, and the remaining can be determined by summation rules and reciprocity relations. The six 
independently determined Fy are: 


1/2 


By inspection: (l)Fn=0 (2) F 33 = 0 (3) F 44 = 0 

Coaxial parallel disks: from Fig. 13.5 or Table 13.5, 

Fj 4 = 0.5 js— S 2 -4(r 4 / ri ) 2 
(5) F ) 4 = 0.5 -f 5.01 


(4) F 34 = 0 


5.01 2 -4(15/150)" 


1/2 


= 0.001997 


S = l + - 


1 + 
Rf 


- = 1 + - 


1 + 0.05" 


= 5.010 


0.5" 


Rj =q/L = 150/300 = 0.5 R 4 = 15/300 = 0.05 

Coaxial parallel disks: from the composite surface rule, Eq. 13.5, 

( 6 ) F 13 = F 1 ( 3 , 4 ) - F 14 = 0.17157 - 0.01997 = 0.1696 


where F 1 ( 3 , 4 ) can be evaluated from the coaxial parallel disk relation, Table 13.5. For these surfaces, 
Rj = ri/L = 150/300 = 0.5, R (3>4) = r 3 /L = 150/300 = 0.5, and S = 6.000. 

The view factors: Using summation rules and reciprocity relations, the remaining 10 view factors can 
be evaluated. Written in matrix form, the Fy are 
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PROBLEM 13.89 (Cont.) 


0 * 

0.8284 

0.1696 

0.001997* 

0.2071 

0.5858 

0.2051 

0.002001 

0.1713 

0.8287 

0 * 

0 * 

0.1997 

0.8003 

0 * 

0 * 


The Fjj shown with an asterisk were independently determined. 

From knowledge of the relevant view factors, the energy balances, Eqs. (3, 4, 5) can be solved 
simultaneously to obtain the radiosities, 

Jl J 2 J 3 J 4 (W/m 2 ) 

1.514X10 5 1.097X10 5 1.087X10 5 576.8 

From Eqs. ( 6 ) and (7), the required lamp irradiation and cooling-coil heat removal rate are 

Gjamp = 52,650 W / m 2 q coil = 2.89 kW < 

(b) If the enclosure were perfectly reflecting, the radiosity of the wafer, J 1 , would be equal to its 

5 9 

blackbody emissive power. For the conditions of part (a), Jj = 1.514 x 10 W/m and E^i = 1.619 x 
5 2 

10 W/m . As such, the radiosity would be independent of £ w thereby minimizing effects due to 
variation of that property from wafer-to-wafer. Using the foregoing analysis in the IHT workspace 
(see Comment 1 below), the fractional difference, (E^i - .1 1 j/E^ |, was computed and plotted as a 
function of L/D, the aspect ratio of the enclosure. 



-e— epsw = 0.75, eps2 = eps3 = 0.07 
■a— epsw = 0.8, eps2 = eps3 = 0.07 
-A— epsw = 0.85, eps2 = eps3 = 0.07 
■— epsw = 0.8, eps2 = eps3 = 0.03 


Note that as the aspect ratio increases, the fractional difference between the wafer blackbody emissive 
power and the radiosity increases. As the enclosure gets larger, (L/D increases), more power supplied 
to the wafer is transferred to the water-cooled walls. For any L/D condition, the effect of increasing 
the wafer emissivity is to reduce the fractional difference. That is, as £ w increases, the radiosity 
increases. The lowest curve on the above plot corresponds to the condition £ 2 = £3 = 0.03, rather than 
0.07 as used in the £ w parameter study. The effect of reducing £ 2 is substantial, nearly halving the 
fractional difference. We conclude that the “best” cavity is one with a low aspect ratio and low 
emissivity (high reflectivity) enclosure walls. 

COMMENTS: The IHT model developed to perform the foregoing analysis is shown below. Since 
the model utilizes several IHT Tools, good practice suggests the code be built in stages. In the first 
stage, the view factors were evaluated; the bottom portion of the code. Note that you must set the Fy 
which 
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are zero to a value such as le-20 rather than 0. In the second stage, the enclosure exchange analysis 
was added to the code to obtain the radiosities and required heat rate. Finally, the equations necessary 
to obtain the fractional difference and perform the parameter analysis were added. 

// Enclosure Performance Parameter: 

EblJI = (Ebl - J1 )/ Ebl 
LoverD = L / D1 

// Energy Balances - Wafer and water-cooled surfaces, Eqs (6) and (7): 
alphaw * Glamp * A1 = ql // Energy balance on wafer 
alphaw = epsl // Wafer absorptivity to lamp irradiation 

qcoil = - (q2 + q3) // Heat rate to the cooling coil, W 

// Radiation Exchange Analysis Tool - Surface Energy Balances: 

/* The net heat rate leaving A1 in terms of the surface resistance is */ 
ql = (Ebl - J1)/((1 - epsl)/(epsl *A1)) //Eq 13.19 

/* The net heat rate leaving A1 in terms of the net exchanges between enclosure surfaces is 7 
ql = q12 + q13 + q14 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 13.20 and 13.22, 7 
q12 = (J1 - J2) / (1 / (A1 * F12)) 
q13 = (J1 - J3)/(1 / (A1 * FI3)) 
q14 = (J1 - J4)/(1 / (A1 * FI4)) 

/* The net heat rate leaving A2 in terms of the surface resistance is 7 
q2 = (Eb2 - J2) / ((1 - eps2) / (eps2 * A2)) // Eq 13.19 

/* The net heat rate leaving A2 in terms of the net exchanges between enclosure surfaces is 7 
q2 = q21 + q23 + q24 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 13.20 and 13.22, 7 

q21 = (J2 - J1) / (1 / (A2 * F21)) 
q23 = (J2 - J3) / (1 / (A2 * F23)) 
q24 = (J2 - J4) / (1 / (A2 * F24)) 

/* The net heat rate leaving A3 in terms of the surface resistance is 7 
q3 = (Eb3 - J3) / ((1 - eps3) / (eps3 * A3)) // Eq 13.19 

/* The net heat rate leaving A3 in terms of the net exchanges between enclosure surfaces is 7 
q3 = q31 + q32 + q34 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 13.20 and 13.22, 7 

q31 = (J3 - J1) / (1 / (A3 * F31)) 
q32 = (J3 - J2) / (1 / (A3 * F32)) 
q34 = (J3 - J4) / (1 / (A3 * F34)) 

/* The net heat rate leaving A4 in terms of the surface resistance is 7 
q4 = (Eb4 - J4) / ((1 - eps4) / (eps4 * A4)) // Eq 13.19 

/* The net heat rate leaving A4 in terms of the net exchanges between enclosure surfaces is 7 
q4 = q41 + q42 + q43 

/’ where the net exchange rates expressed in terms of the space resistances are, Eq 13.20 and 13.22, 7 

q41 = (J4 - J1) / (1 / (A4 * F41)) 
q42 = (J4 - J2) / (1 / (A4 * F42)) 
q43 = (J4 - J3) / (1 / (A4 * F43)) 

it Emissive Powers: 

Ebl = sigma * T1 A 4 // Blackbody emissive power, W/m A 2 

Eb2 = sigma * T2 A 4 
Eb3 = sigma * T3 A 4 
Eb4 = sigma * T4 A 4 

sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2.KM 
// Assigned Variables - Thermal Parameters Only: 

T1 = 1300 // Wafer temperature, K 

epsl = 0.8 // Wafer emissivity 

//epsl = 0.75 
//epsl = 0.85 

T2 = 300 // Lateral surface temperature, K 

eps2 = 0.07 // Enclosure emissivity 

//eps2 = 0.03 

T3 = 300 // Bottom surface temperature, K 

eps3 = 0.07 // Enclosure emissivity 

//eps3 = 0.03 

T4 = 300 // Aperture surface temperature, K 

eps4 = 0.999 // Aperture emissivity; not zero to avoid divide-by-zero error 


Continued 
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// Radiation Exchange Analysis Tool - View Factor Relations: 

/* The summation rule for an N-surface enclosure, Eq 13.4, is 7 

F11 + F12 + F13 + F14 = 1 

F21 + F22 + F23 + F24 = 1 

F31 + F32 + F33 + F34 = 1 

F41 + F42 + F43 + F44 = 1 

/* Then N * (N -1) / 2 reciprocity relations associated with an N-surface enclosure, Eq 13.3, are 7 

A1 * F12 = A2 * F21 

A1 * FI 3 = A3 * F31 

A1 * F14 = A4 * F41 

A2 * F23 = A3 * F32 

A2 * F24 = A4 * F42 

A3 * F34 = A4 * F43 

// Areas: 

A1 =pi * D1 A 2 / 4 // Wafer, nT^ 

A2 = pi * D1 * L // Lateral surface, 17^2 

A3 = pi * (D1 A 2 - D4 A 2) / 4 // Bottom surface, m A 2 

A4 = pi * D4 A 2 / 4 // Aperture, m A 2 

// Assigned Variables - Geometry Only: 

D1 = 0.300 // Wafer diameter, m 

D4 = 0.030 // Aperture diameter, m 

L = 0.300 // Enclosure height, m 

// Independently determined Fij - by inspection: 

F11 = 1 e-20 // Not zero to avoid divide-by-zero error 

F33 = 1e-20 
F44 = 1 e-20 
F34 = 1 e-20 

// Other independently determined Fij: 

/* The view factor, FI 4, for coaxial parallel disks, is 7 
F14 = 0.5 * (Sa - sqrt(Sa A 2 - 4*(r4 / r1) A 2)) 

// where 
R1 = rl / L 
R4 = r4 / L 
rl = D1 / 2 
r4 = D4 / 2 

Sa = 1 + (1 + R4 A 2) / R1 A 2 
// Composite surface relation to find FI 3: 

F134 = F13 + F14 

r The view factor, FI (34), for coaxial parallel disks, is 7 
FI 34 = 0.5 * (Sb - sqrt(Sb A 2 - 4*(r34 / r1) A 2)) 

// where 
//Rl = rl / L 
R34 = r34 / L 
r34 = rl 

Sb = 1 + (1 + R34 A 2) / R1 A 2 



PROBLEM 13.90 


KNOWN: Observation cabin located in a hot-strip mill directly over the line; cabin floor (f) exposed 
to steel strip (ss) at T ss = 920°C and to mill surroundings at T sur = 80°C. 

FIND: Coolant system heat removal rate required to maintain the cabin floor at Tf = 50°C for the 
following conditions: (a) when the floor is directly exposed to the steel strip and (b) when a radiation 
shield (s) £ s = 0.10 is installed between the floor and the strip. 

SCHEMATIC: 



ASSUMPTIONS: (1) Cabin floor (f) or shield (s), steel strip (ss), and mill surroundings (sur) form a 
three-surface, diffuse-gray enclosure, (2) Surfaces with uniform radiosities, (3) Mill surroundings are 
isothermal, black, (4) Floor-shield configuration treated as infinite parallel planes, and (5) Negligible 
convection heat transfer to the cabin floor. 


ANALYSIS: A gray-diffuse, three-surface enclosure is formed by the cabin floor (f) (or radiation 
shield, s), steel strip (ss), and the mill surroundings (sur). The heat removal rate required to maintain 
the cabin floor at Tf = 50°C is equal to - qf (or, -q s ), where qf or q s is the net radiation leaving the 
floor or shield. The schematic below represents the details of the surface energy balance on the floor 
and shield for the conditions without the shield (floor exposed) and with the shield (floor shielded 
from strip). 


(a) Without shield 


/ 


Heat removed 
Floor 


(b) With shield 


▼ 




ir 




9rad,f 


Af, T f = 50°C, e f = 0.60 


▼ 


Floor 
Shield 

T f = 50°C, e f =0.60 


9rad,s 


T s , e s = 0.10 


(a) Without the shield. Radiation surface energy balances, Eq. 13.21, are written for the floor (f) and 
steel strip (ss) surfaces to determine their radiosities. 


E b,f~Jf _ Jf~J 
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E b,ss ~ Jss 
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■ss 
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-Jf 


1/ A f Ff_ sur 

J ss _ E b,sur 


(J £ ssV £ ss A 


ss 


1 ! Ass E ss- 


■ + 


1/A-ss F ss . sur 


( 1 ) 


( 2 ) 


Since the surroundings (sur) are black, J sur = Eb, S ur- The blackbody emissive powers are expressed as 
Eb = ct T 4 where a = 5.67 x 10 8 W/m~K 4 . The net radiation leaving the floor, Eq. f 3.20, is 

qf = Af Ff_ ss (jf - J ss ) + Af Ff_ sur (jf ~Ef^ sur ) (3) 


Continued 









PROBLEM 13.90 (Cont.) 

The required view factors for the analysis are contained in the summation rule for the areas Af and 

A S S. 

Ff—ss + Ff_ sur = 1 F ss _f +F ss _ sur = 1 (4,5) 

Ff. ss can be evaluated from Fig. 13.4 (Table 13.2) for the aligned parallel rectangles geometry. By 
symmetry, F ss .f = Ff. ss , and with the summation rule, all the view factors are determined. Using the 
foregoing relations in the IHT workspace, the following results were obtained: 

F f _ ss = 0.1864 J f = 7959 W/ m 2 

Ff-sur =0.8136 J ss = 97.96 kW/m 2 

and the heat removal rate required of the coolant system (cs) is 


q C s = -qf =4i.3 kw < 

(b) With the shield. Radiation surface energy balances are written for the shield (s) and steel strip (ss) 
to determine their radiosities. 

E b,s ~ J s _ J s ~ J ss + J s ~ E b,sur ^ 

(l — e sV £ s A s 1/A S F S _ SS l/A s F s _ sur 


E b,ss J 


ss 


'ss 


(l £ S s)/ £ ss A ss 


1/A SS F ss _ s 


■ + 


Jss E b,sur 
J/A ss F ss _ sur 


(7) 


The net radiation leaving the shield is 

q s = A ss E ss-s (Jss — Js) + A ss F ss _ sur (j S s — Fb.sur) (^) 

Since the temperature of the shield is unknown, an additional relation is required. The heat transfer 
from the shield (s) to the floor (f) - the coolant heat removal rate - is 


CT ( T s 4 -T f 4 K 

1 —l/£ s — l/£f 


(9) 


where the floor-shield configuration is that of infinite parallel planes, Eq. 13.24. Using the foregoing 
relations in the IHT workspace, with appropriate view factors from part (a), the following results were 
obtained 


J s = 18.13 kW/m 2 J ss = 98.20 kW/m 2 T S = 377°C 

and the heat removal rate required of the coolant system is 

q cs = -q s = 6 - 55 kW < 

COMMENTS: The effect of the shield is to reduce the coolant system heat rate by a factor of nearly 
seven. Maintaining the integrity of the reflecting shield (£ s = 0.10) operating at nearly 400°C in the 
mill environment to prevent corrosion or oxidation may be necessary. 



PROBLEM 13.91 


KNOWN: Opaque, diffuse-gray plate with £] = 0.8 is at Ti = 400 K at a particular instant. The 
bottom surface of the plate is subjected to radiative exchange with a furnace. The top surface is 
subjected to ambient air and large surroundings. 


FIND: (a) Net radiative heat transfer to the bottom surface of the plate for Ti = 400 K, (b) Change in 
temperature of the plate with time, dT j/dt, and (c) Compute and plot dT |/dt as a function of T | for the 
range 350 < Ti < 900 K; determine the steady-state temperature of the plate. 


SCHEMATIC: 


T 

. = 300 kN 


<aiE> 


To= 300 K 
h = 25 W/m 2 - K 


L = 200 mm 


T 

im 

i 





T:- : 

?_^_ 

X*— 




Plate, /t. (200 mm x 200 mm) T. = 400 K, 
El = 0.8, M = 2 kg, c p = -900 J/kg K 

- Insulated side walls 


'Furnace bottom, A 2 , T 2 = 1000 K 
ASSUMPTIONS: (1) Plate is opaque, diffuse-gray and isothermal, (2) Furnace bottom behaves as a 
blackbody while sides are perfectly insulated, (3) Surroundings are large compared to the plate and 
behave as a blackbody. 


ANALYSIS: (a) Recognize that the plate (Aj), furnace bottom (A 2 ) and furnace side walls (Ar) 
form a three-surface enclosure with one surface being re-radiating. The net radiative heat transfer 
leaving A\ follows from Eq. 13.30 written as 


91 


E b i -E 


b2 


1 


1 ~ £ 1 _ 

£ |A| " A 1 fj 2 


+ ( 1/A 1 F IR +1/A 2 F 2r) 


1~ £ 2 
r 1 e 2 A 2 


( 1 ) 


From Fig. 13.4 with X/L = 0.2/0.2 = 1 and Y/L = 0.2/0.2 = 1, it follows that F 12 = 0.2 and F 1R = 1 - 
F 12 = 1 - 0.2 = 0.8. Hence, with Fj R = F 2 R (by symmetry) and £ 2 = 1 . 


91 


5.67x10 

1 - 0.8 

0.8x0.4m“ 


; W / m 2 • K 4 (400 4 -1000 4 ) K 4 

I 

0.4m 2 x0.20 + ( 2 /0.04m 2 x0.8 j 


= -1153W 


< 


It follows the net radiative exchange to the plate is, q ra d f = 1153 W. 
(b) Perform now an energy balance on the plate written as 
F in — F out = F st 

- dT l 

9rad.f — 9conv — 9rad,sur — ^ c p ~ 

dt 



Orad.f FA s ( F 1 ) fi^A^cr |t^ T S ur) ^ c p ^ ■ (^) 

Substituting numerical values and rearranging to obtain dT/dt, find 
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dll 

dt 


1 


2 kg x 900 J / kg • K 


+1153W - 25 W / m 2 • K x 0.04 m 2 (400 - 300) K 


2 rrA 


-0.8x0.04111“ x5.67x10 W/m“ • K 400 -300 K 


(400 4 -300 4 


,4W4 


dT, 

—- = 0.57 K/ s. 
dt 


< 


(c) With Eqs. (1) and (2) in the IHT workspace, dTi/dt was computed and plotted as a function of Tp 



When T ] = 400 K, the condition of part (b), we found dT i/dt = 0.57 K/s which indicates the plate 
temperature is increasing with time. For Ti = 900 K, dTi/dt is a negative value indicating the plate 
temperature will decrease with time. The steady-state condition corresponds to dT | /dt = 0 for which 

Ti >ss =715K < 

COMMENTS: Using the IHT Radiation Tools — Radiation Exchange Analysis, Three Surface 
Enclosure with Re-radiating Surface and View Factors, Aligned Parallel Rectangle - the above 
analysis can be performed. A copy of the workspace follows: 

// Energy Balance on the Plate, Equation 2: 

M * cp * dTdt = - ql - h * A1 * (T1 - Tint) - epsl * A1 * sigma * (T1 A 4 — Tsur A 4) 

/* Radiation Tool - Radiation Exchange Analysis, 

Three-Surface Enclosure with Reradiating Surface: */ 

/* For the three-surface enclosure A1, A2 and the reradiating surface AR, the net rate of radiation transfer 
from the surface A1 to surface A2 is */ 

ql = (Ebl - Eb2) / ((1 - epsl)/(epsl * A1) + 1 / (A1 * F12 + 1/(1/(A1 * FIR) + 1/(A2 * F2R))) + (1- 
eps2) / (eps2 * A2)) // Eq 13.30 

/* The net rate of radiation transfer from surface A2 to surface A1 is */ 
q2 = -ql 

/* From a radiation energy balance on AR, 7 

(JR - J1) / (1/(AR * FR1)) + (JR - J2) / (1/(AR *FR2)) = 0 // Eq 13.31 

/* where the radiosities J1 and J2 are determined from the radiation rate equations expressed in terms of 
the surface resistances, Eq 13.22 7 
ql = (Ebl — J1) / ((1 - epsl) / (epsl * A1)) 
q2 = (Eb2 - J2) / ((1 -eps2) / (eps2 * A2)) 

// The blackbody emissive powers for A1 and A2 are 

Ebl = sigma * T1 A 4 

Eb2 = sigma * T2 A 4 

// For the reradiating surface, 

JR = EbR 
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EbR = sigma *TR A 4 

sigma = 5.67E-8 // Stefan-Boltzmann constant, W/m A 2K A 4 

// Radiation Tool - View Factor: 

/* The view factor, FI 2, for aligned parallel rectangles, is */ 

FI 2 = Fij_APR(Xbar, Ybar) 

// where 
Xbar = X/L 
Ybar = Y/L 

// See Table 13.2 for schematic of this three-dimensional geometry. 

// View Factors Relations: 

F1R= 1 -F12 
FR1 = FIR* A1 /AR 
FR2 = FR1 
A1 = X * Y 
A2 = X * Y 

AR = 2 * (X * Z + Y * Z) 

Z = L 

F2R = FIR 

// Assigned Variables 

T1 = 400 
epsl = 0.8 
T2= 1000 
eps2 = 0.9999 
X = 0.2 
Y = 0.2 
L = 0.2 
M = 2 
cp = 900 
h = 25 
Tinf = 300 
Tsur = 300 


// Plate temperature, K 
// Plate emissivity 

// Bottom temperature, K 
// Bottom surface emissivity 
// Plate dimension, m 
// Plate dimension, m 
// Plate separation distance, m 
// Mass, kg 

// Specific heat, J/kg.K, 

// Convection coefficient, W/m A 2.K 

// Ambient air temperature, K 
// Surroundings temperature, K 



PROBLEM 13.92 


KNOWN: Tool for processing silicon wafer within a vacuum chamber with cooled walls. Thin wafer is 
radiatively coupled on its back side to a chuck which is electrically heated. The top side is irradiated by 
an ion beam flux and experiences convection with the process gas and radioactive exchange with the ion- 
beam grid control surface and the chamber walls. 

FIND: (a) Show control surfaces and all relevant processes on a schematic of the wafer, and (b) Perform 
an energy balance on the wafer and determine the chuck temperature T c required to maintain the 
prescribed conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Wafer is diffuse, gray, (3) Separation distance 
between the wafer and chuck is much smaller than the wafer and chuck diameters, (4) Negligible 
convection in the gap between the wafer and chuck; convection occurs on the wafer top surface with the 
process gas, (5) Surfaces forming the three-surface enclosure - wafer (e w = 0.8), grid (e g =1), and 
chamber walls (e c = 1) have uniform radiosity and are diffuse, gray, and (6) the chuck surface is black. 


ANALYSIS: (a) The wafer is shown schematically above in relation to the key components of the tool: 
the ion beam generator, the grid which is used to control the ion beam flux, q-^, the chuck which aids in 

controlling the wafer temperature and the process gas flowing over the wafer top surface. The schematic 
below shows the control surfaces on the top and back surfaces of the wafer along with the relevant 
thermal processes: q cv , convection between the wafer and process gas; q a , applied heat source due to 
absorption of the ion beam flux, q[^; qj tG p, net radiation leaving the top surface of the wafer (1) which 


is part of the three-surface enclosure - grid (2) and chamber walls (3), and; qpbac. net radiation leaving 
the backside of the wafer (w) which is part of a two-surface enclosure formed with the chuck (c). 


Wafer 


Chuck 




< 
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( 1 ) 


(b) Referring to the schematic and the identified thermal processes, the energy balance on the wafer has 
the form, 

E in — E out = 0 

— 9cv +( 3a —< 3l,bac — 41, top = 0 

where each of the processes are evaluated as follows: 

2 2 2 
Convection with the process gas: with A w = 7 tD| = n (0.200m)“ 14 = 0.03142 m“, 

q cv = hA w (T w - ) = 10 W / m 2 x 0.03142m 2 x (700 - 500) K = 62.84 W 

Applied heat source - ion beam: 

q a =qfbA w = 600 W/m 2 x 0.3142m 2 =18.85 W 


( 2 ) 

(3) 


Net radiation heat rate, back side', enclosure (w,c): for the two-surface enclosure comprised of the back 
side of the wafer (w) and the chuck, (c), Eq. 13.28, yields 


Ol.bac ~ 


■(Tw-T c 4 ) 


(l e w V e wA w + 1 / A W F WC + (l e c )/Ac 


and since the wafer-chuck approximate large parallel plates, F wc = 1, and since the chuck is black, £ c = 1, 


Ol.bac 


Ol.bac 


a (Tw - T 4 ) A w 
(l —e w V e w + 1 

- 2 "'0 


(4) 


0.03142m*" x cr | 700 H -T,7 K 


( 1 - 0 . 6 )/ 0.6 + 1 


= 1.069x10 


-9 


(700 4 -T c 4 ) 


Net radiation heat rate, top surface; enclosure (1, 2, 3): from the surface energy balance on Ap Eq. 
13.20. 

E bl _J 1 


Ol.top 


(l-e^/ejAj 


(5) 


where £| = £ w , A] = A w , E^i = cTj and the radiosity can be evaluated by an enclosure analysis 
following the methodology of Section 13.2.2. From the energy balance, Eq. 13.21, 

E bl~ J l = J 1~ J 2 | J 1~ J 3 
(1 —£l)/£lAl 1/^2 1/Aft 3 


( 6 ) 


4 4 

where J 2 = Eb 2 = dTg and J 3 = Eb 3 = crT vc since both surfaces are black (£ g = £ vc =1). The view factor 


Fj 2 can be computed from the relation for coaxial parallel disks, Table 13.5. 

2 i A/ ^ 1 1 1 -1 -1 ~|1 / 2 


112=0.5 S — 


S -4(r 2 /r, Y 


- 1 / 2 '| 

i 

= 0.5 J 

[ 6 . 0 - 

J J 


L 


6.0“-4(1)“ 


= 0.1716 


S = l + i^i = l + i±^l = 6 .oo 


Ri 


0 . 5 ^ 
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Rj =q/L = 100/200 = 0.5 R 4 =r 4 /L = 0.5 

The view factor F 13 follows from the summation rule applied to A ], 

F [3 = !-F [2 = !-0. 171 6 = 0.8284 


Substituting numerical values into Eq. ( 6 ), with T 1 = T w = 700 K, T 2 = T g = 500 K, and T 3 = T vc = 
300 K, find Jp 


atf-h _ J l- gT g | Jl-^T V 4 C 
(l-£l)/£lAi 1/P [ 2 1/% 


Ji =8564 W/rn 

Using Eq. (5), find qj top with E b 2 = cT 4 = 13,614 W / m“ and = A w , 


(13,614-8564) W/m“ 

qi.top = —- 7 --rv = 238 W 


(l-0.6)/(o. 


6x0.03142m 


(7) 


Evaluating T c from the energy balance on the wafer, Eq. (1), and substituting appropriate expressions for 
each of the processes, find 

-62.84 W/m 2 +18.85W -1.069xl0“ 9 (700 4 -T c 4 )-238 W = 0 


T c = 842.5 K < 

From Eq. (4), with T c = 815 K, the electrical power required to maintain the chuck is 
P c =-q lbac =1.069xl0“ 9 (700 4 -842.5) = 282 W 

COMMENTS: Recognize that the method of analysis is centered about an energy balance on the wafer. 
Identifying the processes and representing them on the energy balance schematic is a vital step in 
developing the strategy for a solution. This methodology introduced in Section 1.3.3 becomes important, 
if not essential, in analyzing complicated physical systems. 



PROBLEM 13.93 


KNOWN: Ice rink with prescribed ice, rink air, wall, ceiling and outdoor air conditions. 

FIND: (a) Temperature of the ceiling, T c , having an emissivity of 0.05 (highly reflective panels) or 
0.94 (painted panels); determine whether condensation will occur for either or both ceiling panel 
types if the relative humidity of the rink air is 70%, and (b) Calculate and plot the ceiling temperature 
as a function of ceiling insulation thickness for 0.1 < t < 1 m, identify conditions for which 
condensation will occur on the ceiling. 

SCHEMATIC: 



ASSUMPTIONS: (1) Rink comprised of the ice, walls and ceiling approximates a three-surface, 
diffuse-gray enclosure, (2) Surfaces have uniform radiosities, (3) Ice surface and walls are black, (4) 
Panels are diffuse-gray, and (5) Thermal resistance for convection on the outdoor side of the ceiling is 
negligible compared to the conduction thermal resistance of the ceiling insulation. 

PROPERTIES: Psychometric chart (Atmospheric pressure; dry bulb temperature, T^b = T ra j = 

15°C; relative humidity, RH = 70%); Dew point temperature, Tjp = 9.4°C. 

ANALYSIS: The energy balance on the ceiling illustrated in the schematic below has the form 
F in ~ F out = 0 

— 1 4o — Qconv^ — 0 rad,c = 9 ( 1 ) 

where the rate equations for each process are 

qo=(T c -T 00 , 0 )/Rcond Rcond = t/kA c (2,3) 

qconv,c = h A c (T c — Too,i) (4) 

0rad,c = eF b ( F c)A c —ttA w F wc (T w ) — CCA x Fj c Ep, (Tj) (5) 

4 -8 2 4 

The blackbody emissive powers are Eb = a T where a = 5.67 x 10 W/m K . Since the ceiling 
panels are diffuse-gray, a = £. The view factors required of Eq. (5): determine Fi c (ice to ceiling) 
from Table 13.2 (Fig. 13.5) for parallel, coaxial disks 
F ic = 0.672 

and F wc (wall to ceiling) from the summation rule on the ice (i) and the reciprocity rule, 

F ic + F iw = 1 F iw = F cw (symmetry) 

F cw = 1 — F ic 

F wc = (Ac /A W )F CW = (A c / A w ) (l — Fj c ) = 0.410 
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2 

where A c = n D /4 and A w = n DL. 

Using the foregoing energy balance, Eq. (1), and the rate equations, Eqs. (2-5), the ceiling temperature 
is calculated using radiative properties for the two panel types, 

Ceiling panel £ T c (°C) 

Reflective 0.05 14.0 

Paint 0.94 8.6 T c < T dp < 

The dew point is 9.4°C corresponding to a relative humidity of 70% with (dry bulb) air temperature of 
15°C. Condensation will occur on the painted panel since T c < T dp . 


Outdoors 


▲ 


q 0 


Energy balance on ceiling 


| q 0 


Rink air 


(^Oconvc 


V 


9rad,i 


Ceiling, k 


Ac, T c 


'CD,0 


Rcond 


^ qconv.c + qrad.c 


(b) The equations required of the analysis above were solved using IHT. The analysis is extended to 
calculate the ceiling temperatures for a range of insulation thickness and the results plotted below. 


o 

o 

I— 


2 

3 

5 

a3 

CL 


E 


a> 

O) 


<D 

o 



Ceiling insulation thickness, t (m) 

- Painted ceiling, epsc = 0.94 

—Reflective panel, epsc = 0.05 


For the reflective panel (£ = 0.05), the ceiling surface temperature is considerably above the dew 
point. Therefore, condensation will not occur for the range of insulation thickness shown. For the 
painted panel (£ = 0.94), the ceiling surface temperature is always below the dew point. We expect 
condensation to occur for the range of insulation thickness shown. 

COMMENTS: From the analysis, recognize that the radiative exchange between the ice and the 
ceiling is the dominant process for influencing the ceiling temperature. With the reflective panel, the 
rate is reduced nearly 20 times that with the painted panel. With the painted panel ceiling, for most of 
the conditions likely to exist in the rink, condensation will occur. 





PROBLEM 13.94 


KNOWN: Diameter, temperature and emissivity of boiler tube. Thermal conductivity and emissivity of 
ash deposit. Convection coefficient and temperature of gas flow over the tube. Temperature of 
surroundings. 

FIND: (a) Rate of heat transfer to tube without ash deposit, (b) Rate of heat transfer with an ash deposit 
of diameter Dj = 0.06 m, (c) Effect of deposit diameter and convection coefficient on heat rate and 
contributions due to convection and radiation. 

SCHEMATIC: 



Boiler tube 
D t = 0.05 m 
T t = 600 K 
s t = 0.8 

ASSUMPTIONS: (1) Diffuse/gray surface behavior, (2) Surroundings form a large enclosure about the 
tube and may be approximated as a blackbody, (3) One-dimensional conduction in ash, (4) Steady-state. 

ANALYSIS: (a) Without an ash deposit, the heat rate per unit tube length may be calculated directly. 

q' = h?rD t (Too - T t ) + £ t cr 7 TD t (t 4 uj . - T t 4 ) 

q = 100 W/m 2 •K(^)0.05m(l800-600)K + 0.8x5.67xl0“ 8 W/m 2 -K 4 (;r)(0.05m)(l500 4 -600 4 )k 

q' = (l8,850 + 35,150)W/m = 54,000 W/m < 

(b) Performing an energy balance for a control surface about the outer surface of the ash deposit, 

4conv + 4rad — Ocond ■ 01 

h^D d (T^ - T d ) + £ d OTrD d (t 4 r - T d 4 ) = 

V ' ln ( D d/ D t) 

Hence, canceling 7 t and considering an ash deposit for which D d = 0.06 m, 

100 W / m 2 • K (0.06 m) (1800 -T d ) K + 0.9x 5.67 x 10 “ 8 W / m 2 • K 4 (0.06 m) (l500 4 - T d j K 4 

_ 2(1 W/m K)(T d -600)K 
In (0.06/0.05) 

A trial-and-error solution yields T d ~ 1346 K, from which it follows that 
q = h 7 rD d (Too ~ T d ) + £ d (X7rD d |t suj . — T d j 

q' = 100 W/m 2 -K(^)0.06m(1800-1346)K + 0.9x5.67x 10“ 8 W/m 2 • K 4 ( k )0.06m(l500 4 -1346 4 jK 4 
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q = (8560 +17,140) W / m = 25,700 W / m 


< 


(c) The foregoing energy balance was entered into the IHT workspace and parametric calculations were 
performed to explore the effects of h and Dj on the heat rates. 



• Conduction 
—*— Convection 
—Radiation 



• Conduction 
— *■■■■ Convection 
—Radiation 


For Dd = 0.06 m and 10 < h < 1000 W / m“ • K, the heat rate to the tube, q^ond > as we ^ as the 
contribution due to convection, q(. onv , increase with increasing h. However, because the outer surface 

temperature Tj also increases with h, the contribution due to radiation decreases and becomes negative 

— 2 

(heat transfer from the surface) when Tj exceeds 1500 K at h = 540 W / m • K. Both the convection 
and radiation heat rates, and hence the conduction heat rate, increase with decreasing Dj, as T<j decreases 
and approaches T t = 600 K. However, even for D t | = 0.051 m (a deposit thickness of 0.5 mm), T t | = 773 
K and the ash provides a significant resistance to heat transfer. 

COMMENTS: Boiler operation in an energy efficient manner dictates that ash deposits be minimized. 




PROBLEM 13.95 


KNOWN: Two parallel, large, diffuse-gray surfaces; top one maintained at Tj while lower one is 
insulated and experiences convection. 

FIND: (a) Temperature of lower surface, T 2 , when £] = £2 = 0.5 and (b) Radiant flux leaving the 
viewing port. 

SCHEMATIC: 



ASSUMPTIONS: (1) Surfaces are large, diffuse-gray, (2) Lower surface experiences convection and 
radiation exchange, backside is perfectly insulated. 

ANALYSIS: (a) Perform an energy balance on the lower surface, giving 

Oconv +< frad,l = 0 ( 1 ) 

where the latter term is equal to qf or q[ 2 , the net radiant power per unit area exchanged between 
surfaces 1 and 2. For this two surface enclosure, 

E b (Ti)-E b (T 2 ) tr^ 4 -^ 4 ) 

(l~ e l)/ £ l + 1/Id2 + (l~ e 2)/ £ 2 (1 — e l )/ £ 1 +1 + (1 — e 2 ) / e 2 

with F 12 = 1. Combining Eqs. (1) and (2), 

h(T oo -T 2 ) + cr(T 1 4 -T 2 4 )/[(l-£ 1 )/ £ l+l + (l- £ 2)/ £ 2] = 0 (3) 

Substituting numerical values with £1 = £ 2 = 0.5, 

50 W/m 2 K(300-T 2 )K + 5.67xl0“ 8 W/m 2 K 4 ^400 4 -T 4 )k 4 /[l + 1 + l] = 0 

T 2 - 306 K. < 

(b) The radiant flux leaving the viewing port is qyp = Gj. From an energy balance on the upper plate 
q[ = E i -cc\Gi 

where q[ = q[_ 2 , net exchange by radiation. But 

qi = (1 / 3)<t (t 4 - t 4 ) 

E : = eE bl =0.5 cjT 4 . 

Hence, the flux is 

G 2 =(E 1 -q 1 )/a = (1/0.5) 0 . 5 cjT 4 -( 1 / 3 )c 7 (t 1 4 -T 2 ) 

Gj =2cj (0.5-0.333)T 4 +0.333T 4 =816W/m 2 . < 






PROBLEM 13.96 


KNOWN: Dimensions, emissivities and temperatures of heated and cured surfaces at opposite ends 
of a cylindrical cavity. External conditions. 

FIND: Required heater power and outside convection coefficient. 


SCHEMATIC: 



T sur --300K 

L c -200mm 

L b =25mm 
T b =300K 



lZ, = 300K.h, 


£ 


" 7 ^-400K t 

T 1 = 800K ) e 1 =0.9 
l< b =ZOW/mK 

D=120mm 


ASSUMPTIONS: (1) Steady-state conditions, (2) Opaque, diffuse-gray surfaces, (3) Negligible 
convection within cavity, (4) Isothermal disk and heater surfaces, (5) One-dimensional conduction in 
base, ( 6 ) Negligible contact resistance between heater and base, (7) Sidewall is reradiating. 

ANALYSIS: The equivalent circuit is 



From an energy balance on the heater surface, qi, e lec = q ixond + qi,rad> 

ct(ti 4 -T 2 4 


e l A l A 1 fi 2 + [(l/A 1 Fi R ) + (l/A 2 ^ R )]- 1 £ 2 ,iA 2 

where Aj = A 2 = 7 tD 2 /4 = 7 t( 0 .12 m)“/4 = 0.0113 irf and from Fig. 13.5, with L c /ri = 3.33 and r 2 /L c = 
0.3 find F 12 = F 2 i = 0.077; hence, Fj R = F 2R = 0.923. The required heater power is 

2 (800-300) K 

qi elec =20 W/m- KxO.Ol 13 in --— 

’ 0.025 m 


qi.elec 


= k b |ttD 2 / 4 j 


Ti -T, 


0.0113 m 2 x5.67x10 8 W/m 2 K 4 ^800 4 -400 4 )k 4 

+ 1-0.9 l 1-0.5 

-1- ~r H- 

°- 9 0.077+ [(1/0.923)+ (1/0.923)] 05 


qi.elec = 4521 W + 82.9 W = 4604 W. < 

An energy balance for the disk yields, q rac j 2 = q rac j j = h 0 A 2 (T 2 - T^ ) + e 2 0 A 2 rr |t 4 - T 4 ir j, 

82.9 W-0.9x0.0113 m 2 x5.67xl0“ 8 W/m 2 • K 4 (400 4 -300 4 )k 4 

h 0 =-----= 64 W /m 2 • K. < 

0.0113 m 2 xl00 K 


COMMENTS: Conduction through the ceramic base represents an enormous system loss. The base 
should be insulated to greatly reduce this loss and hence the electric power input. 



PROBLEM 13.97 

KNOWN: Electrical conductors in the form of parallel plates having one edge mounted to a ceramic 
insulated base. Plates exposed to large, isothermal surroundings, T sur . Operating temperature is Tj = 
500 K. 

FIND: (a) Electrical power dissipated in a conductor plate per unit length, q \, considering only 
radiative exchange with the surroundings; temperature of the ceramic insulated base T 2 ; and, (b) q\ 
and T 2 when the surfaces experience convection with an airstream at Too = 300 K and a convection 
coefficient of h = 24 W/m~ K. 

SCHEMATIC: 



base, (2) 

ASSUMPTIONS: (1) Conductor surfaces are diffuse, gray, (2) Conductor and ceramic insulated 
base surfaces have uniform temperatures and radiosities, (3) Surroundings are large, isothermal. 


ANALYSIS: (a) Define the opening between the conductivities as the hypothetical area A 3 at the 
temperature of the surroundings, T sur , with an emissivity £ 3=1 since all the radiation incident on the 
area will be absorbed. The conductor (l)-base (2)-opening (3) form a three surface enclosure with 
one surface re-radiating (2). From Section 13.3.5 and Eq. 13.30, the net radiation leaving the 
conductor surface Aj is 


£ 1 A 1 A 1 fi3 + [(l/A 1 Ii 2 ) + (l/A3%)]- 


where E^j = aT | 4 and E^ = C 7 T 3 . 


The view factors are evaluated as follows: 


F 32 : use the relation for two aligned parallel rectangles, Table 13.2 or Fig. 13.4, 

X = X/L = w/ L = 10/40 = 0.25 Y = Y/L = °o 

% =0.1231 

F 13 : applying reciprocity between Aj and A 3 , where Aj = 2L l = 2 x 0.040 ml - 0.080 l and A 3 = 
w l =0.010 l and l is the length of the conductors normal to the page, l » L or w, 

Fj 3 = b&L = 0.010<?x 0.8769/0.080<? = 0.1096 
A 1 

where F 31 can be obtained by using the summation rule on A 3 , 

% =l-% =1-0.1231 = 0.8769 

F 12 : by symmetry F 12 = F 13 = 0.1096 


Continued 
















PROBLEM 13.97 (Cont.) 

Substituting numerical values into Eq. (1), the net radiation leaving the conductor is 

(500 4 -300 4 )] 


5.67x10 8 W /m“ • K 4 (500 4 -300 4 ) K 4 


01 = 


1 - 0 .* 1 
- ~ 4 -:t+° 

0.8x0.080f o.08(M x 0.1096 + [(l / 0.08(M x 0.1096) + (1/ 0.0KM xO. 123)] 


, (3544-459.3)W 

q =q, /e = — ---= 29.5 W/nr 

3.1250 + 101.557 + 0 

(b) Consider now convection processes occurring at the conductor (1) and base (2) surfaces, and 
perform energy balances as illustrated in the schematic below. 



Surface 1 : The heat rate from the conductor includes convection and the net radiation heat rates, 

qin =q C v,i+qi = hA i( t 1 -t co )+ Ebl Jl 

(l-fijJ/fijAj 

and the radiosity .1 ] can be determined from the radiation energy balance, Eq. 13.21, 


( 2 ) 


E bl ~h 




(l -£] )/£] A, l/A^ 1/Afa 


(3) 


where 13 = E^ = ( 7 T 3 since A 3 is black. 


Surface 2: Since the surface is insulated (adiabatic), the energy balance has the form 

0 = q CV ,2 + q 2 = hA 2 (t 2 - ) + Eb2 ~ J2 A (4) 

l-£ 2 /£ 2 A 2 

and the radiosity J 2 can be determined from the radiation energy balance, Eq. 13.21, 

E b2 -J 2 J 2 -Jl , J 2 -J 3 (5) 

(l —e 2 )/ e 2 A 2 1 / A 2 F 21 1/A 2 F23 

There are 4 equations, Eqs. (2-5), with 4 unknowns: J 2 , J 2 , T 2 and qp Substituting numerical values, 
the simultaneous solution to the set yields 

Jj=3417W/m 2 J 2 = 1745 W/m“ T 2 =352 K q- n =441W/m < 

COMMENTS: (1) The effect of convection is substantial, increasing the heat removal rate from 29.5 
W to 441 W for the combined modes. 

(2) With the convection process, the current carrying capacity of the conductors can be increased. 
Another advantage is that, with the presence of convection, the ceramic base operates at a cooler 
temperature: 352 K vs. 483 K. 







PROBLEM 13.98 


KNOWN: Surface temperature and spectral radiative properties. Temperature of ambient air. Solar 
irradiation or temperature of shield. 

FIND: (a) Convection heat transfer coefficient when surface is exposed to solar radiation, (b) 
Temperature of shield needed to maintain prescribed surface temperature. 


SCHEMATIC: 


1^=300K, h 
1Z=3Z0K' 


G s -lZOOW/rn z 




V t&m, i 


1^=300K,h. 


J- 


,Sp=O.S 


777777777777777777 


t 


777777777777777 


9" 

- L conv 

'Z%=32DK 




ASSUMPTIONS: (1) Surface is diffuse (a\ = e\), (2) Bottom 
of surface is adiabatic, (3) Atmospheric irradiation is 
negligible, 

(4) With shield, convection coefficient is unchanged and 
radiation losses at ends are negligible (two-surface enclosure). 


t.O c 




= 09 




O 


=0.3 

^A 


ANALYSIS: (a) From a surface energy balance, 

= + h (^s — ^ ). 

Emission occurs mostly at long wavelengths, hence £ s = 0C2 - 0.3. However, 
r«A E A,b(^ 5800 K)dA 

«S = - - - = a l F (0-lpm) +a 2 F (l-oc) 


and from Table 12.1 at XT = 5800 pm-K, F(0-l|j. m ) = 0.720 and hence, Fq . ^ = 0.280 giving 
a = 0.9x0.72 + 0.3x0.280 = 0.732. 

Hence 


h _ «sGs -^ T s 4 
T s -T^ 

h = 35 W /m“ • K. 


0.732(l200 W/m“j-0.3x5.67x10 8 W/m 2 K 4 (320 K) 4 

20 K 


< 


(b) Since the plate emits mostly at long wavelengths, a s = £ s = 0.3. Hence radiation exchange is 
between two diffuse-gray surfaces. 


Ops = 



l/£p + 2 /£ s -1 


Oconv — ^ (T s Too ) 



(h/(j)(T s -T co )(l/£ p 

35 W/m 2 K(20 K) 
5.67 x 10 -8 W / m 2 • K 4 



( 1 1 

— + — 
^ 0.8 0.3 


lV(320 K) 4 

> 


T p = 484 K. < 


COMMENTS: For T p = 484 K and A, = 1 pm, AT = 484 pm-K and Fpj-A.) = 0.000. Hence assumption 
of a s = 0.3 is excellent. 





PROBLEM 13.99 

KNOWN: Long uniform rod with volumetric energy generation positioned coaxially within a larger circular tube 
maintained at 500°C. 

FIND: (a) Center Tj(0) and surface T | s temperatures of the rod for evacuated space, (b) Tj(0) and Tj s for airspace, 
(c) Effect of tube diameter and emissivity on Tj(0) and T | s . 

SCHEMATIC: 



ASSUMPTIONS: (1) All surfaces are diffuse-gray. 

PROPERTIES: Table A-4 , Air (T = 780 K): v = 81.5 x 10' 6 m 2 /s, k = 0.0563 W/m-K, a = 115.6 x 10' 6 m 2 /s, (3 
= 0.00128K' 1 ,Pr= 0.706. 


ANALYSIS: (a) The net heat exchange by radiation between the rod and the tube is 


912 “ 


(ti 4 -t 2 4 ' 


(l — j +1/7rDjFj2 “("(l - £2 ) ^2 

and, from an energy balance on the rod, —E out + Eg en = 0, or 

qi 2 =q(^D 1 2 /4). 

Combining Eqs. (1) and (2) and substituting numerical values, with F 1 2 = 1, we obtain 


q = 


D, 


20x10 


( T I 4 - T 2 


(l-ej )/e 1 + l + [(l-e 2 )/£ 2 ](Dj /d 2 ) 


W 


m 


0.050m 


5.67x10 u W / m 2 • K 4 ^Tj 4 - 773 4 j K 4 


(l - 0.2 ) / 0.2 +1 + [(l - 0.2 ) / 0.2] (0.050 / 0.060 ) 
= 54.4 x10 _8 (t 1 4 -773 4 ) W/m 3 


( 1 ) 

( 2 ) 


T ls = 792 K. 

From Eq. 3.53, the rod center temperature is 

\2 


Ti(0) = 


q(Di/2 )- 

4k 


+ T. 


Is 


Ti(0) = 


20x 10 3 W / m 3 (0.050 m / 2 f 
4x15 W /m • K 


+ 792 K = 0.21 K + 792 K = 792.2 K. 


(b) The convection heat rate is given by Eqs. 9.58 to 9.60. However, assuming a maximum possible value of (T s j 
T 2 ) = 19 K, Ra L = g(3 (T s i - T 2 )L 3 /ocv = 9.8 m/s 2 (0.00128 K _1 )19 K (0.005 m) 3 /115.6 x 81.5 x 10' 12 m 4 /s 2 = 


A„ 3 


-3/5 


-3/5,5, 


3.16 and Ra c = {[ln(D 2 /D!)] /L [(Dp) + (D 2 ) ] } Ra L = {[ln( 1.2)] /(0.005 m) [(0.05 m) 


-3/5 


Continued 




PROBLEM 13.99 (Cont.) 


.3/5,5. 


+(0.06 m)' ] } 3.16 = 0.14. It follows that buoyancy driven flow is negligible and heat transfer across 

the airspace is by conduction. Hence, from Eq. 3.27, q(. on( j = 2 Jtk (Tj s - T 2 )/ln(r 2 /ri). 

27Tk(T ls -T 2 ) 2tt (0.0563 W/m K)(T ls -773)K 


Ocond 


ln(r 2 /ri) 

The energy balance then becomes 

q = (4/7TDf)( 

912 + c lcond ) 


In (30/25) 

l(* D ? /4j = q] 2 + Ocond’ or 


= 1.94(T ls -773) 


2xl0 4 = 


54.4x10 8 (tj 4 -773 4 ) + 988(T ls -773) 


T ls =783 K Tj (0) = 783.2 K < 

(c) Entering the foregoing model and the prescribed properties of air into the IHT workspace, the 
parametric calculations were performed for D 2 = 0.06 m and D 2 = 0.10 m. For D 2 = 1.0 m, Ra* > 100 

and heat transfer across the airspace is by free convection, instead of conduction. In this case, convection 
was evaluated by entering Eqs. 9.58 - 9.60 into the workspace. The results are plotted as follows. 




D2 = 1.00 m 
-*— D2 = 0.10 m 
D2 = 0.06 m 


—D2 = 1.00 m 
—A— D2 = 0.10 m 
—D2 = 0.06 m 


The first graph corresponds to the evacuated space, and the surface temperature decreases with 
increasing £| = £ 2 , as well as with D 2 . The increased emissivities enhance the effectiveness of emission 
at surface 1 and absorption at surface 2, both which have the effect of reducing Tj s . Similarly, with 
increasing D 2 , more of the radiation emitted from surface 1 is ultimately absorbed at 2 (less of the 
radiation reflected by surface 2 is intercepted by 1). The second graph reveals the expected effect of a 
reduction in Ti s with inclusion of heat transfer across the air. For small emissivities (£1 = £2 < 0.2), 
conduction across the air is significant relative to radiation, and the small conduction resistance 
corresponding to D 2 = 0.06 m yields the smallest value of T | s . However, with increasing £, 
conduction/convection effects diminish relative to radiation and the trend reverts to one of decreasing Tj s 
with increasing D 2 . 

COMMENTS: For this situation, the temperature variation within the rod is small and independent of 
surface conditions. 







PROBLEM 13.100 

KNOWN: Side wall and gas temperatures for adjoining semi-cylindrical ducts. Gas flow convection 
coefficients. 

FIND: (a) Temperature of intervening wall, (b) Verification of gas temperature on one side. 

SCHEMATIC: 




ASSUMPTIONS: (1) All duct surfaces may be approximated as blackbodies, (2) Fully developed 
conditions, (3) Negligible temperature difference across intervening wall, (4) Gases are 
nonparticipating media. 

ANALYSIS: (a) Applying an energy balance to a control surface about the wall yields 
F in = F out • 

Assuming T g j > T w > T g> 2 , it follows that 

< frad(l—>w) + 4conv(gl-»w ) — 4rad(w-H>2) + < fconv(w—>g2) 

A l F f~ T w ) + hA w ( F g,l — F w ) = A w F w2 <7 ( F w ~ F 2 ) + hA w ( F w — F g,2 ) 
and with 

A lFlw = A w F wl = A w F w 2 = A w 
and substituting numerical values, 

2ctt 4 + 2hT w = ct (t/ + T 2 4 ) + h (T gJ + T g2 ) 

11.34x10“ 8 T 4 +10T w =13,900. 

Trial-and-error solution yields 

T w » 526 K. < 

(b) Applying an energy balance to a control surface about the hot gas (g, 1) yields 
F in = F out 

h A i (Tj — T g j j = hA w (T g j — T w ) 
or 

Tl-T g> i=[ D/ (^ D/2 )](T gj i- T w) 

29°C = 29°C. < 

COMMENTS: Since there is no change in any of the temperatures in the axial direction, this scheme 
simply provides for energy transfer from side wall 1 to side wall 2. 




PROBLEM 13.101 


KNOWN: Temperature, dimensions and arrangement of heating elements between two large parallel 
plates, one insulated and the other of prescribed temperature. Convection coefficients associated with 
elements and bottom surface. 

FIND: (a) Temperature of gas enclosed by plates, (b) Element electric power requirement, (c) Rate 
of heat transfer to 1 m x lm section of panel. 

SCHEMATIC: 



ASSUMPTIONS: (1) Diffuse-gray surfaces, (2) Negligible end effects since the surfaces form an 
enclosure, (3) Gas is nonparticipating, (4) Surface 3 is reradiating with negligible conduction and 
convection. 

ANALYSIS: (a) Performing an energy balance for a unit control surface about the gas space, 

^in — ^-out = 0- 

¥D(T r T m )-h 2 s(T m — T 2 ) = 0 

_ h^DT 1 +h 2 sT 2 _ 10 W/m“ • K;r (0.025 m)600 K + 2 W/m 2 K(0.05 m)400 K 
h];rD + h 2 s 10 W/m 2 K;r (0.025 m) + 2 W/m 2 K(0.05 m) 

T m = 577 K. < 

(b) The equivalent thermal circuit is 



The energy balance on surface 1 is 
/ / / 

4l,elec — Ol.conv + 4l,rad 

where q^ rat | can be evaluated by considering a unit cell of the form 


A[ = ttD = tt (0.025 m) = 0.0785 m 
A 2 = A 3 = s = 0.05 m 


O 


* 




O 


% 
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The view factors are: 


PROBLEM 13.101 (Cont.) 


* 21 = 1 - 


_il / 2 

l-(D/s)“ ~+(D/s)tan _1 (s 2 -D 2 )/D 2 


1/2 


Fjj = 1- [l-0.25] 1/2 +0.5 tan 1 (4-1 ) 177 = 0.658 = F 3 


-1/a 1 \l /2 


*23 = 1_ *21 = 0.342 = %• 

For the unit cell, 

A' 2 % = sF 21 = 0.05 mx0.658 = 0.0329 m = A^ = A 3 F 3 ] = Aft 3 
a 2*23 = s *23 = 0-05 mxO.342 = 0.0171 m = Aft^- 


Hence, 


01,rad ~ / 


*bl — *b2 


^equiv + ( 1 - £ 2) /e 2 A 2 


R equiv A l*l2 


1 


f 


1 / A l*l3 +1/A 2*23 


0.0329+ - 


(0.0329) 1 +(0.0171) 1 


m 


R equiv = 22 - 6 m 


-1 


Hence 


5.67x10 8 W/m 2 K 4 (600 4 -400 4 )K 4 

qUd =- 7 --- ; _/ =138-3 W/m 

[22.6 + (l - 0.5)/0.5 x 0.05] m 1 

qj conv = h]^E)(T, -T m )= 10 W/m 2 Ktt( 0.025 m)(600-577)K = 17.8 W/m 


q^ elec = (138.3+ 17.8)W/m = 156 W/m. < 

(c) Since all energy added via the heating elements must be transferred to surface 2, 

q'2 = q'i- 

Hence, since there are 20 elements in a 1 m wide strip, 

q2(lmxlm) = 2 0 x qi,elec = 3120 W. ^ 

COMMENTS: The bottom panel would have to be cooled (from below) by a heat sink which could 
dissipate 3120 W/m”. 



PROBLEM 13.102 


KNOWN: Flat plate solar collector configuration. 
FIND: Relevant heat transfer processes. 

SCHEMATIC: 



| Radiation 
t Conduction 

I 

|Comeciion 


* Conduction through insulation 
Conduction through absorber and tube 'Hall 



Forced convection to water 


The incident solar radiation will experience transmission, reflection and absorption at each of the 
cover plates. However, it is desirable to have plates for which absorption and reflection are 
minimized and transmission is maximized. Glass of low iron content is a suitable material. Solar 
radiation incident on the absorber plate may be absorbed and reflected, but it is desirable to have a 
coating which maximizes absoiption at short wavelengths. 

Energy losses from the absorber plate are associated with radiation, convection and conduction. 
Thermal radiation exchange occurs between the absorber and the adjoining cover plate, between the 
two cover plates, and between the top cover plate and the surroundings. To minimize this loss, it is 
desirable that the emissivity of the absorber plate be small at long wavelengths. Energy is also 
transferred by free convection from the absorber plate to the first cover plate and between cover 
plates. It is transferred by free or forced convection to the atmosphere. Energy is also transferred by 
conduction from the absorber through the insulation. 

The foregoing processes provide for heat loss from the absorber, and it is desirable to minimize these 
losses. The difference between the solar radiation absorbed by the absorber and the energy loss by 
radiation, convection and conduction is the energy which is transferred to the working fluid. This 
transfer occurs by conduction through the absorber and the tube wall and by forced convection from 
the tube wall to the fluid. 








PROBLEM 13.103 

KNOWN: Operating conditions of a flat plate solar collector. 

FIND: Expressions for determining the rate at which useful energy is collected per unit area. 
SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Uniform surface heat fluxes and temperatures, (3) 
Opaque, diffuse-gray surface behavior for long-wave thermal radiation, (4) Complete absorption of 
solar radiation by absorber plate (0C ap s = 1). 

ANALYSIS: From an energy balance on the absorber plate, E[ n = Eo Ut , 

^ap.S ( T cp,s)^S — 4u +c lconv,i + c lrad,ap-cp- 
Hence with complete absoiption of solar radiation by the absorber plate, 

y(x 4 -T 4 ] 

’ \ A ap ^cp I 


q u 


u T cp,S^S (^ap T cp ) - 


^ ! ^ap 1 ^ ^cp ^ 


( 1 ) < 


where F a p. C p ~ 1 and Eq. 13.24 is used to obtain q* ac j a p_ C p- To determine q a from Eq. (1), 
however, T cp must be known. From an energy balance on the cover plate, 

®cp,S®S + 4conv,i + 4iad,ap-cp — c lconv,o + 4 rad,cp—sky 


or 


^cp.S^S + ("^ap ^cp ) + 


/ 4 _-p4 \ 
\ A ap i cp ) 


1 1 ^ap 11 


h o ( *cp ) + e cp O (t cp *sky ) ■ 


( 2 ) < 


Eq. (2) may be used to obtain T cp . 


COMMENTS: With T ap presumed to be known, T C p may be evaluated from Eq. (2) and q a from 
Eq. (1). 







PROBLEM 13.104 


KNOWN: Ceiling temperature of furnace. Thickness, thermal conductivity, and/or emissivities of 
alternative thermal insulation systems. Convection coefficient at outer surface and temperature of 
surroundings. 

FIND: (a) Mathematical model for each system, (b) Temperature of outer surface T s o and heat loss 
q" for each system and prescribed conditions, (c) Effect of emissivity on T s 0 and q". 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Diffuse/gray surfaces, (3) Surroundings form a large 
enclosure about the furnace, (4) Radiation in air space corresponds to a two-surface enclosure of large 
parallel plates. 

PROPERTIES: Table A-4, air (T f = 730 K): k = 0.055 W/m-K, a = 1.09 x 10 ~ 4 m7s, V = 7.62 x 
10 ' 5 m 2 /s, |3 = 0.001335 K' 1 , Pr = 0.702. 

ANALYSIS: (a) To obtain T s o and q", an energy balance must be performed at the outer surface of 
the shield. 


Insulation. 4cond 4conv,o 4rad,o 4 

k = ^ ~ TS, °^ = h 0 (T s , 0 - T^ ) + £ 0 cr (t s 4 0 - T s 4 ur ) 

Ait Space. 4conv,i 4rad,i = 4conv,o 4rad,o = 4 

( \ ^(^.i _T s,o) . . / 4 4 \ 

(^s,i — T s o J 4 - - — h 0 (T s o — T^ J 4- £ Q o ^T s o — T sur j 

-4--1 

£i £ 0 

where Eq. 13.24 has been used to evaluate q” at | j and hj is given by Eq. 9.49 

Su, =ht = 0 .069Rai, /3 Pr 0074 
L k 

(b) For the prescribed conditions (£i = £ 0 = 0.5), the following results were obtained. 
Insulation: The energy equation becomes 


0.09 W / m • K (900 - T ) K 9 . . 

- 1 -= 25 W/m’ K(T S 0 -300JK +0.5 x5.67x10 

0.025 m 



Continued 








PROBLEM 13.104 (Cont.) 
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PROBLEM 13.104 (Cont.) 


As expected, the outer surface temperature decreases with increasing £ 0 . However, the reduction in 
T s o is not large since heat transfer from the outer surface is dominated by convection. 




In this case T s 0 increases with increasing £ 0 = Ej and the effect is significant. The effect is due to an 

„ „ 2 

increase in radiative transfer from the inner surface, with q rat | j = q conv j = 1750 W /m for £ () = Ej = 
0.1 and q* ac j j = 20,100 W / m“ » q^onv i = 523 W / m“ for £ 0 = £j = 0.9. With the increase in T s Q , 
the total heat flux increases, along with the relative contribution of radiation (q^d 0 ) to heat transfer 
from the outer surface. 

COMMENTS: (1) With no insulation or radiation shield and £; = 0.5, radiative and convective heat 

2 

fluxes from the ceiling are 18,370 and 15,000 W/m , respectively. Hence, a significant reduction in 
the heat loss results from use of the insulation or the shield, although the insulation is clearly more 
effective. 

(2) Rayleigh numbers associated with free convection in the air space are well below the lower limit 
of applicability of Eq. (1). Hence, the correlation was used outside its designated range, and the error 
associated with evaluating h; may be large. 

(3) The IHT solver had difficulty achieving convergence in the first calculation performed for the 
radiation shield, since the energy balance involves two nonlinear terms due to radiation and one due 
to convection. To obtain a solution, a fixed value of Raq was prescribed for Eq. (1), while a second 

3 

value of Raq 2 = g[3(T s j - T s 0 )L /av was computed from the solution. The prescribed value of Raq 
was replaced by the value of Raq,2 and the calculations were repeated until Raq,2 = Raq. 




PROBLEM 13.105 

KNOWN: Dimensions of a composite insulation consisting of honeycomb core sandwiched between 
solid slabs. 


FIND: Total thermal resistance. 


SCHEMATIC: Because of the repetitive nature of the honeycomb core, the cell sidewalls will be 
adiabatic. That is, there is no lateral heat transfer from cell to cell, and it suffices to consider the heat 
transfer across a single cell. 


Outer slab, kj 

A/K 

Air space —t - 
Side wall , k 

T, 

Inner slab, k± 


T S 'O--10°C 



Li-12-57nm 
:£ 

T Sii -zs°C 



-H 




A 



-lmm 


Cell cross section A A 


ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Equivalent conditions for each 
cell, (3) Constant properties, (4) Diffuse, gray surface behavior. 

PROPERTI E S: Table A-3, Particle board (low density): lq = 0.078 W/m-K; Particle board (high 
density): k 2 = 0.170 W/m-K; For both board materials, £ = 0.85; Table A-4, Air (T ~ 7.5°C, 1 atm): 
V = 14.15 x 10 ~ 6 m 2 /s, k = 0.0247 W/m-K, a = 19.9 x 10 ‘ 6 m 2 /s, Pr = 0.71, p = 3.57 x 10 ' 3 K' 1 . 

ANALYSIS: The total resistance of the composite is determined by conduction, convection and 
radiation processes occurring within the honeycomb and by conduction across the inner and outer 
slabs. The corresponding thermal circuit is shown. 


^ cond,) 

• •—'WWW; 

O f • 



s t o 


^ rad , 


he 


The total resistance of the composite and equivalent resistance for the honeycomb are 

he 

The component resistances may be evaluated as follows. The inner and outer slabs are plane walls, 
for which the thermal resistance is given by Eq. 3.6. Hence, since L| = L 3 and the slabs are 
constructed from low-density particle board. 

Li 0.0125 m 

Rcond.i — Rcond.o — T — T — 1603 K/W. 

kjW z 0.078 W/m-K(0.01 m) 


R l^cond.i + l^eq + l^cond.c 


R 




l^cond “*"l^con 


+ l^rad 
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PROBLEM 13.105 (Cont.) 


Similarly, applying Eq. 3.6 to the side walls of the cell 


'■cond.hc 


k 2 W 2 -(W-t) 2 k 2 ^2Wt-t 2 j 


0.050 m 


= 8170 K/W. 


- — —i - -L / V 7 iv / TV. 

0.170 W/m-K 2x0.01 mx0.002 m-(0.002 m) 2 
From Eq. 3.9 the convection resistance associated with the cellular airspace may be expressed as 

Rconv,hc=l/h(W-t) 2 . 

The cell forms an enclosure that may be classified as a horizontal cavity heated from below, and the 
appropriate form of the Rayleigh number is Ra^ = g/3 (Tj — T 2 ) L 2 lav. To evaluate this parameter, 
however, it is necessary to assume a value of the cell temperature difference. As a first 
approximation, Tj - T 2 = 15°C - (—5°C) = 20°C, 


Rar = 


9.8 m/s 2 (3.57x10 3 K M(20 K)(0.05 m) 3 
19.9xl0“ 6 m 2 /sxl4.15xl0“ 6 m 2 /s 


= 3.11x10 . 


Applying Eq. 9.49 as a first approximation, it follows that 


= (k/L 2 ) 0.' 


069Raj 7 3 Pr 0 074 


1.0247 W / m • K 
0.05 m 


0.069(3.llxlO 5 j (0.7l)°° 74 = 2.25 W/ 


'm 2 K. 


The convection resistance is then 


k conv,hc 


= 6944 K/W. 


UVJI1 V rs 9 

2.25 W/in • K(0.01 m-0.002 m) 

The resistance to heat transfer by radiation may be obtained by first noting that the cell forms a three- 

surface enclosure for which the sidewalls are reradiating. The net radiation heat transfer between the 

2 

end surfaces of the cell is then given by Eq. 13.30. With £1 = £2 = £ and Ai = A 2 - (W - 1 ) , the 
equation reduces to 


( W — t ) 2 (7 ( 


rp4 i-p4 
M ~ l 2 


2 (1 / e -1)+[% + [(Fir + F^ r ) / Fi R f^ R J 


However, with Fir = F 2 R = (1 - F 12 ), it follows that 


4 rad — 


(W - t ) 2 (7 (tj 4 - T 2 j (W — t ) 2 (7 (t^ — T 2 j 


2 —1 + Y\ 2 + 


O-F 12 ) 

2 ( 1 - 112 ) 


2 - 1 + 


1 + 192 


The view factor F 12 may be obtained from Fig. 13.4, where 
X Y W-t 10 mm - 2 mm 


50 mm 


= 0.16. 


Hence, F 12 ~ 0.01. Defining the radiation resistance as 

r - T l-T 2 

^rad,he 


it follows that 
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PROBLEM 13.105 (Cont.) 

2 (l/£-l) + 2 /(l + F^ 2 ) 

K rad,hc 9 / 9 9 \ 

(W-t)-cr(T 1 2 + T|)(T 1 + T 2 ) 

where (tj 4 -T 2 4 ) = (tj 2 +T 2 2 )(T 1 +T 2 )(T 1 -T 2 ). Accordingly, 



2 

f 1 -’I 

[ 0.85 J 

1 1 

q 

<N O 
+ 

+ 


(0.01 m-0.002 m ) 2 x5.67x10 8 W/m 2 K 4 

(288 K ) 2 +(268 K ) 2 

(288 + 268)K 


where, again, it is assumed that T | = 15°C and T 2 = -5°C. From the above expression, it follows that 
0.353 + 1.980 


R 


rad,he 


9—4 


= 7471 K/W. 


3.123x10' 

In summary the component resistances are 
Rcond,i ~ Rcond.o = 1603 K/W 

Rcond.hc =8170 K/W R c 

The equivalent resistance is then 

61 1 1 V 1 


/,hc =6944 K/W 


Rrad.hc =7471 K/W. 


Req _ 


1 1 

- +-+ - 


8170 6944 7471 


= 2498 K/W 


and the total resistance is 

R = 1603 + 2498 + 1603 = 5704 K/W. 


COMMENTS: (1) The problem is iterative, since values of T | and T 2 were assumed to calculate 


R CO nv,hc and R ra d,hc- To check the validity of the assumed values, we first obtain the heat transfer rate 
q from the expression 


q = 


T s j — T s ^ 2 

R 


25°C-(-10°C) 
5704 K/W 


6.14x10 3 W. 


Hence 

T 1 = T s,i-q R cond,i =25°C-6.14 x10“ 3 Wx1603 K/W = 15.2°C 
t 2 = T s,o+q R cond,o =-10°C + 6.14 x10“ 3 Wx1603 K/W = -0.2°C. 


Using these values of Tj and T 2 , R CO nv,hc and R ra d,hc should be recomputed and the process repeated 
until satisfactory agreement is obtained between the initial and computed values of T 1 and T 2 . 

2 

(2) The resistance of a section of low density particle board 75 mm thick (Lj + L 2 + L 3 ) of area W is 
9615 K/W, which exceeds the total resistance of the composite by approximately 70%. Accordingly, 
use of the honeycomb structure offers no advantages as an insulating material. Its effectiveness as an 
insulator could be improved (R eq increased) by reducing the wall thickness t to increase R CO nd> 
evacuating the cell to increase R conv , and/or decreasing £ to increase R ra d- A significant increase in 
Rrad,hc could be achieved by aluminizing the top and bottom surfaces of the cell. 



PROBLEM 13.106 

KNOWN: Dimensions and surface conditions of a cylindrical thermos bottle filled with hot coffee 
and lying horizontally. 

FIND: Heat loss. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible heat loss from ends (long infinite 
cylinders), (3) Diffuse-gray surface behavior. 

PROPERTIES: Table A-4 , Air (T f = (T x + T 2 )/2 = 328 K, 1 atm): k = 0.0284 W/m-K, v = 23.74 x 
10 " 6 m 2 /s, a = 26.6 x 10 ‘ 6 m 2 /s, Pr = 0.0703, (3 = 3.05 x 10 ' 3 K' 1 . 

ANALYSIS: The heat transfer across the air space is 
0 = Orad + Oconv • 

From Eq. 13.25 for concentric cylinders 

cr ( 7 tD,L)(t , 4 - T 4 ) 5.67 x 10 “ 8 W / m 2 • K 4 ;r (0.07 X0.3) m 2 (348 4 - 308 4 ) K 4 


C 1 rad 


1 , 1 ~ g 2 | r l 
r 2 


4 + 3(0.035/0.04) 

“I — I 

e l ^2 
q rad =3.20 W. 

From Eq. 9.25, 

giS(T 1 -T-,)L 3 9 ‘ 8 m/s 2 (3.05xl0“ 3 K _1 )(40 K)(0.005 m ) 3 


Ra L = 


av 


26.6x10 6 m 2 /sx23.74xl0 6 m 2 /s 


= 236.7. 


Hence from Eq. 9.60 


Ra* = 


[ln(D 2 /D 1 )] 4 Ra L 


[in (0.08/ 0.07)f 236.7 


= 7.85. 


L 3 (D 1 a6 + D 2 a6 ) (0.005 m) 3 (o.07 0 6 +0.08 0 6 ) m 3 

However, the implication of such a small value of Ra* is that free convection effects are negligible. 

Heat transfer across the airspace is therefore by conduction (k e ff = k). From Eq. 3.27 
27rLk(Ti — T 2 ) 2 ^x 0.3 mx0.0284 W/m-K(75-35)K 


Ocond 


ln(r 2 /ri) 


In (0.04/0.035) 


= 16.04 W. 


Hence the total heat loss is 

9 = 9rad + 9cond = 19.24 W. ^ 

COMMENTS: (1) End effects could be considered in a more detailed analysis, (2) Conduction 
losses could be eliminated by evacuating the annulus. 



PROBLEM 13.107 


KNOWN: Thickness and height of a vertical air space. Emissivity and temperature of adjoining 
surfaces. 

FIND: (a) Heat loss per unit area across the space, (b) Heat loss per unit area if space is filled with 
urethane foam. 


SCHEMATIC: 


Tr-10°C- 


Y^\-L-0.hn 

- T 1 = 18 °C 


H = 3»7 


JL 



"Airspace (p-latm) or urethane foam 

£l-s z =0.9 


ASSUMPTIONS: (1) Steady-state conditions, (2) Diffuse-gray surface behavior, (3) Air space is a 
vertical cavity, (4) Constant properties, (5) One-dimensional conduction across foam. 

PROPERTIES: Table A-4 , Air (T f = 4°C, 1 atm): v = 13.84 x 10 " 6 m 2 /s, k = 0.0245 W/m-K, a = 
19.5 x 10 ‘ 6 m 2 /s, Pr = 0.71, (3 = 3.61 X 10 " 3 K' 1 ; Table A-3, Urethane foam: k = 0.026 W/m-K. 


ANALYSIS: (a) With the air space, heat loss is by radiation and free convection or conduction. 
FromEq. 13.24, 


With 


Orad — 


Ray = 


■(t, 4 -t 2 4 ) 


2 t^-4 


5.67x10 W/m-K 291 -263 K 


(291 4 -263 4 ) 


4W4 


= 110.7 W/m. 


l/£ 1 +l/£ 2 -l 1.222 

gi g( Tl _T 9 ) L 3 9.8 m 2 /s(3.61xl0“ 3 K _1 )(l8 + 10)K(0.1 m) 3 


va 


13.84x10 6 m 2 /sxl9.5xl0 6 m 2 /s 


= 3.67x10 


and H/L = 30, Eq. 9.53 may be used as a first approximation to obtain 

\l/3 


Nu l =0.046Ra 1 L /3 =0.046 (3.67 xlO 6 ) =7. 


10 


h = — Nu l = 0-0245 W/m K 7.1Q = I .74 W/m 2 -K. 

L L 0.1m 

The convection heat flux is 

Tconv =h(T 1 -T 2 ) = 1.74 W/m 2 • K(l8 + 10)K = 48.7 W/m 2 
The heat loss is then 

q' = 9rad +qconv = 1 !0.7 + 48.7 = !59 W/m 2 . 


(b) With the foam, heat loss is by conduction and 

, „ ^ , 0.026 W/m-K , 10iinW ,, , 2 

q =q C ond =-( T l- T 2) =-T 2 -(18+ 10)K = 7.3 W/m . 

L 0.1 m 


< 


COMMENTS: Use of the foam insulation reduces the heat loss considerably. Note the significant 
effect of radiation. 



PROBLEM 13.108 

KNOWN: Temperatures and emissivity of window panes and critical Rayleigh number for onset of 
convection in air space. 

FIND: (a) The conduction heat flux across the air gap for the optimal spacing, (b) The total heat flux 
for uncoated panes, (c) The total heat flux if one or both of the panes has a low-emissivity coating. 

SCHEMATIC: 


T-i = 22°C 



ASSUMPTIONS: (1) Critical Rayleigh number is RaL,c = 2000, (2) Constant properties, (3) 
Radiation exchange between large (infinite), parallel, diffuse-gray surfaces. 

PROPERTIES: Table A-4, air [T = (Ti + T 2 )/2 = 1°C = 274 K]: v = 13.6 x 10' 6 m7s, k = 0.0242 
W/m-K, a= 19.1 x 10 6 m 2 /s, /? = 0.00365 K' 1 . 


ANALYSIS: (a) With Ra L c =gj3(T 1 ~T 2 )L 3 op /av 


Lop 


av RaL c 

1/3 

19.1xl3.6xl0~ 12 m 4 /s 2 x2000 

_g/3(T(-X 2 )_ 


9.8m/s 2 (0.00365 K -1 )42°C 


I 1 


= 0.0070m 


The conduction heat flux is then 


Ocond = k( T i — T 2 )/ L op = 0.0242W/m- K(42°C)/0.0070m = 145.2 W/m 2 < 


(b) For conventional glass (e g = 0.90), Eq. (13.24) yields, 

<7 ( T 4 -T 4 ) 5.67 x 10~ 8 W / m 2 ■ K 4 ^295 4 - 253 4 ) K A 


C 1 rad 


1.222 


161.3 W/m" 


and the total heat flux is 


9tot — Ocond +c lrad —306.5 W/m < 

(c) With only one surface coated, 

5.67xl0~ 8 W/m 2 ■ K 4 (295 4 -253 4 ) 

q»d =-,-7-- = 19-5 W/m 2 

—+ —^- 1 

0.90 0.10 
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qtot =164.7 W/m 2 < 


With both surfaces coated, 

5.67x 1(T 8 W/m 2 ■ K 4 (295 4 - 253 4 ) 
qrad =- 1 -- - = 10.4 W / m 2 

-+- 1 

0.10 0.10 


qt 0 t =155.6 W/m 2 < 

COMMENTS: Without any coating, radiation makes a large contribution (53%) to the total heat 
loss. With one coated pane, there is a significant reduction (46%) in the total heat loss. However, the 
benefit of coating both panes is marginal, with only an additional 3% reduction in the total heat loss. 



PROBLEM 13.109 


KNOWN: Dimensions and emissivity of double pane window. Thickness of air gap. Temperatures 
of room and ambient air and the related surroundings. 

FIND: (a) Temperatures of glass panes and rate of heat transfer through window, (b) Heat rate if gap 
is evacuated. Heat rate if special coating is applied to window. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) Negligible glass pane thermal resistance, (3) Constant 
properties, (4) Diffuse-gray surface behavior, (5) Radiation exchange between interior window 
surfaces may be approximated as exchange between infinite parallel plates, ( 6 ) Interior and exterior 
surroundings are very large. 

PROPERTI E S: Table A-4, Air (p = 1 atm). Obtained from using IHT to solve for conditions of Part 
(a): T fi = 287.4 K: V; = 14.8 x 10 ' 6 m 2 /s, ki = 0.0253 W/m-K, a { = 20.8 x 10 ' 6 m 2 /s, Pq = 0.71, A = 
0.00348 K' 1 . T = (T Sti + T s>0 )/2 = 273.7 K: v = 13.6 x 10 ' 6 m 2 /s, k = 0.0242 W/m-K, a = 19.0 x 10' 
6 m 2 /s, Pr = 0.71, [5 = 0.00365 K' 1 . T f>0 = 259.3 K: v 0 = 12.3 x 10 ' 6 m 2 /s, k G = 0.023 W/m-K, a 0 = 
17.1 x 10 ' 6 m 2 /s, Pr G = 0.72, [5 0 = 0.00386 K' 1 . 


ANALYSIS: (a) The heat flux through the window may be expressed as 
0 = 9rad,i + 9conv,i = £ g a ( T S ur,i _ T s,i) + h i ( T °°4 _ T s,i) 

cr(T 4 -T s 4 0 ) 

" " " _ V S,i ’ / 1 / rj. rT, \ 

9 _ 9rad,gap + 9conv,gap — i i v n gap v 1 s,i — 1 s,o ) 

—+ —-1 
£ g £ g 

9 = 9rad,o + 9conv,o =£ g <7 (^s,o — T sur o j + h Q (Ts,o — ^ 00 , 0 ) 


(1) 

( 2 ) 

(3) 


where radiation exchange between the window panes is determined from Eq. (13.24) and radiation 
exchange with the surroundings is determined from Eq. (13.27). The inner and outer convection 
coefficients, lq and h Q , are determined from Eq. (9.26), and hg a p is obtained from Eq. (9.52). 

The foregoing equations may be solved for the three unknowns (c\". T s j, T s () j. Using the IHT 
software to effect the solution, we obtain 


< 


T s i =281.8 K = 8 . 8 °C 
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T so = 265.6 K = -7.4°C < 

q = 91.3 W < 

(b) If the air space is evacuated (hg = ()), we obtain 


T s i =283.6 K = 10.6°C < 

T s 0 = 263.8 K = 9.2°C < 

q = 75.5 W < 

If the space is not evacuated but the coating is applied to inner surfaces of the window panes, 

T s i =285.9 K = 12.9°C < 

T s o =261.3 K = -11.7°C < 

q = 55.9 W < 

If the space is evacuated and the coating is applied, 

T s i =291.7 K = 18.7°C < 

T s 0 =254.7 K = -18.3°C < 

q = 9.0 W < 


COMMENTS: (1) For the conditions of part (a), the convection and radiation heat fluxes are 
comparable at the inner and outer surfaces of the window, but because of the comparatively small 
convection coefficient, the radiation flux is approximately twice the convection flux across the air 
gap. (2) As the resistance across the air gap is progressively increased (evacuated, coated, evacuated 
and coated), the temperatures of the inner and outer panes increase and decrease, respectively, and the 
heat loss decreases. (3) Clearly, there are significant energy savings associated with evacuation of the 
gap and application of the coating. (4) In all cases, solutions were obtained using the temperature- 
dependent properties of air provided by the software. The property values listed in the 
PROPERTIES section of this solution pertain to the conditions of part (a). 



PROBLEM 13.110 


KNOWN: Absorber and cover plate temperatures and spectral absorptivities for a flat plate solar 
collector. Collector orientation and solar flux. 

FIND: (a) Rate of solar radiation absorption per unit area, (b) Heat loss per unit area. 
SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Adiabatic sides and bottom, (3) Cover is 
transparent to solar radiation, (4) Sun emits as a blackbody at 5800 K, (5) Cover and absorber plates 
are diffuse-gray to long wave radiation, (6) Negligible end effects, (7) L « width and length. 

PROPERTIES: Table A-4 , Air (T = T a + T c )/2 = 321.5 K, 1 atm): v = 18.05 x 10" 6 m 2 /s, k = 
0.0279 W/m-K, a = 25.7 x 10~ 6 m 2 /s. 

ANALYSIS: (a) The absorbed solar irradiation is 
G S,abs = «S,a G S 

where 

G s = cos 30° = 900x0.866 = 779.4 W/m 2 

r«A,a G A, S dA r«2,aEA, b (5800 K)dA 

a s a = —-= —--- 

G s E b (5800 K) 

^S.a = a,1^(0—>2 /im) +0^ A,a2E(2-4oo)■ 

For XT = 2 pm x 5800 K = 11,600 pm-K from Table 12.1, F (0 ^ 2 kT) = 0.941, find 
«S,a = 0.9x0.941 + 0.2x(l-0.94l) = 0.859. 

Hence 

G S,abs = 0.859x779.4 = 669 W/m 2 . < 

(b) The heat loss per unit area from the collector is 

ft // // 

4 loss = Oconv + 4rad • 

The convection heat flux is 

Oconv = E (^a _ E c ) 
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and with 


Ra L = 


g/3(T a -T c )L 3 

av 

2 . 


9.8 m/s z x(321.5 K) 1 (343-300)K(0.02 m ) 3 
Ra L =- t^^-= 22,604 


18.05x10 6 m 2 /sx25.7xl0 6 m 2 /s 


find from Eq. 9.54 with 


H/L > 12, T < T , cos T = 0.5, RaL cos z = 11,302 


Nu l =1 + 1.44 


1708 

11,302 


1708 (sin 108°) 
11,302 


o\l-6 


11,302 

5830 


xl/3 


h = Nu, f-= 2.30X°° 27 ^ W,m K = 3.21W/m 2 K. 
L L 0.02 m 


Hence, the convective heat flux is 


Oconv = 3-21 W/m 2 • K(343-300)K = 138.0 W/m 2 . 

The radiative exchange can be determined from Eq. 13.24 treating the cover and absorber plates as a 
two-surface enclosure, 


4 rati 


CT (T a 4 -T c 4 ) 
l/£ a +l/£ c —1 


5.67x10 8 W/m 2 • K 4 


(343 K ) 4 - (300 K ) 4 


1/0.2 + 1/0.75-1 


9rad = 6 !. 1 W/m 2 . 


Hence, the total heat loss per unit area from the collector 


qJoss =( 1 38.0 + 6 1 .l) = 1 99 W/m 2 . < 

COMMENTS: (1) Non-solar components of radiation transfer are concentrated at long wavelength 
for which a a = £ a = 0.2 and a c = £ c = 0.75. 

(2) The collector efficiency is 




669.3-199.1 


669.3 


-xl00 = 70%. 


This value is uncharacteristically high due to specification of nearly optimum Ct- d (\) for absorber. 



PROBLEM 13.111 


KNOWN: Diameters and temperatures of a heated tube and a radiation shield. 

FIND: (a) Total heat loss per unit length of tube, (b) Effect of shield diameter on heat rate. 

SCHEMATIC: 


Air gap 


Shield 

D 0 = 0.12 m, T 0 = 35°C, s 0 = 0.1 


Steam 


-Tube 

D| = 0.10 m, T, = 120°C, Si = 0.8 


ASSUMPTIONS: (1) Opaque, diffuse-gray surfaces, (2) Negligible end effects. 

PROPERTIES: Table A-4, Air (T f = 77.5°C ~ 350 K): k = 0.030 W/m-K, Pr = 0.70, v = 20.92 x 10‘ 
6 m 2 /s, a = 29.9 x 10' 6 m 2 /s, j8 = 0.00286 K' 1 . 

ANALYSIS: (a) Heat loss from the tube is by radiation and free convection 
0 — Orad + Oconv 

<7(jrDi)(P-T 0 4 ) 

From Eq. (13.25) q md - V 


1 l-£ 

-h- 


o 


e i e o 


V 

v %; 


or 


c l rad _ 


5.67X10 -8 ^^(^:x0.1m)(393 4 -308 4 )k 4 


m-K 


1 

0.9 
_|_ 

0.8 

0.1 


0.05 

006 


W 

= 30.2 — 
m 


Ra L = 


_g^(Ti-T 0 )L 3 _ 9.8m/s 2 x0.00286 K -1 (85 K)(0.01m) 3 _ 


va 


(20.92xl0~ 6 m 2 /s)(29. 


9xl0 _6 m 2 /s) 


3809 


Hence from Eq. (9.60) 

* [^n(D 0 /Di)] 4 Ra L [^n(0.12/0.10)] 4 3809 

L 3 (d“ 3/3 +D“ 3/5 ) 5 (0.01m) 3 (0.1m)“°- 6 +(0.12m)“ 0f 

and from Eq. (9.59) 


n5 


= 171.6 


k e ff = 0.386 k 


Pr 


0/4 


0.861+ Pr 


l *\ 1/4 

(Ra*) 
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k e ff = 0.386 
Hence from Eq. (9.58) 


( w \ 

0 03 

f °' 7 1 

l m ' K J 

0.861 + 0.7 y 


0/4 


1 IA W 

(171.6) 1/4 =0.0343 


qconv = ■ ' (Ti-T 0 ): 

^ n (D 0 /Dj) 


2n 


0.0343 


W 

m-K 


A 


in (0.12/0.10) 


m-K 


W 

(120-35)K = 100.5 — 
m 


W W 

q = (30.2 + 100.5)— = 130.7 — 
m m 


(b) As shown below, both convection and radiation, and hence the total heat rate, increase with 
increasing shield diameter. In the limit as D 0 —> °o, the radiation rate approaches that corresponding 
to net transfer between a small surface and large surroundings at T 0 . The rate is independent of £. 



—Radiation heat rate (W/m) 
—*— Convection heat rate (W/m) 
—±— Total heat rate (W/m) 


COMMENTS: Designation of a shield temperature is arbitrary. The temperature depends on the 
nature of the environment external to the shield. 

























PROBLEM 13.112 

KNOWN: Diameters of heated tube and radiation shield. Tube surface temperature and temperature 
of ambient air and surroundings. 

FIND: Temperature of radiation shield and heat loss per unit length of tube. 

SCHEMATIC: 



ASSUMPTIONS: (1) Opaque, diffuse-gray surfaces, (2) Negligible end effects, (3) Large 
surroundings, (4) Quiescent air, (5) Steady-state. 


PROPERTIES: Determined from use of IHT software for iterative solution. Air, (T; + T 0 )/2 = 
362.7 K: V; = 2.23 x 10" 5 m 2 /s, lq = 0.031 W/m-K, cq = 3.20 x 10~ 5 m 2 /s, ft = 0.00276 K'\ Pr; = 
0.698. Air, T f = 312.7 K: V G = 1.72 x 10' 5 m 2 /s, k 0 = 0.027 W/m-K, a Q = 2.44 x 10' 5 m 2 /s, jS 0 = 
0.0032 K' 1 ,Pr 0 = 0.705. 


ANALYSIS: From an energy balance on the radiation shield, qj = or q^ ac [ j +qconv i 
= 9 rad o + Oconv o- Evaluating the inner and outer radiation rates from Eqs. (13.25) and (13.27), 
respectively, and the convection heat rate in the air gap from Eq. (9.58), 


OKD 




1 l-£ f 
e i e o 


D. 


+ 


2k k e ff (Tj T Q ) 
^n(Do/Di) 


(7^D 0 £ 0 |t o T sur j + ^D 0 h 0 (T q Tqo) 


From Eqs. (9.59) and (9.60) 


k e ff = 0.386 kj 


Pb 


\1/ 4 


0.861 + Pq 


/ *\ 1/4 

(Raj) 


rV [fa(D 0 /Dj)] Ra L 
L 3 ( D r 3/5 +Do 3/5 ) 5 

3 

where RaL = g A (Ti - T 0 )L /Vj cq and L = (D 0 - Di)/2. From Eq. (9.34), the convection coefficient 
on the outer surface of the shield is 

r2 

, 1/6 

U.JO/ m 

0.60 + - 


h = k 4L 

° D 

u o 


0.387 Ra 


D 


1 + (0.559/Pr) 


9/16 


8/27 
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PROBLEM 13.112 (Cont.) 

The solution to the energy balance is obtained using the IHT software, and the result is 

T 0 =332.5 K = 59.5°C < 

The corresponding value of the heat loss is 

q-=88.7 W/m < 

COMMENTS: (1) The radiation and convection heat rates are q ra( j j = 23.7 W / m, q 0 = 10.4 W / m, 

c|co n v i = 65.0 W / m, and q conv 0 = 78.3 W / m. Convection is clearly the dominant mode of heat transfer. 

(2)With a value of T 0 = 59.5°C > 35°C, the heat loss is reduced (88.7 W/m compared to 130.7 W/m if the 
shield is at 35°C). 



PROBLEM 13.113 

KNOWN: Dimensions and inclination angle of a flat-plate solar collector. Absorber and cover plate 
temperatures and emissivities. 

FIND: (a) Rate of heat transfer by free convection and radiation, (b) Effect of the absorber plate 
temperature on the heat rates. 

SCHEMATIC: 




ASSUMPTIONS: (1) Diffuse-gray, opaque surface behavior. 

PROPERTIES: Table A-4, air (f = (Tj +T 2 )/2 = 323 K) : v = 18.2 x 10' 6 m 2 /s, k = 0.028 
W/m-K, a = 25.9 x 10' 6 m7s, Pr = 704, p = 0.0031 K' 1 . 


ANALYSIS: (a) The convection heat rate is 
Oconv = hA (Tj-T 2 ) 

2 — 

where A = wH=4 m and, with H/L > 12 and x < x* = 70 deg, h is given by Eq. 9.54. With a 
Rayleigh number of 


g/3(Ti-T 2 )L 3 

RaT =- 

av 


9.8m/s 2 (o.0031 K 1 )(40°C)(0.03m) 3 
25.9xl0“ 6 m 2 /sxl8.2xl0“ 6 m 2 /s 


69,600 



= 1 + 1.44 


( 1708 

0.5(69,600) 


1708(0.923)1 
0.5 (69,600) J 


( 0.5x69,600 l 1/3 _j 
{ 5830 J 


Nu L = 1 +1.44 [0.951] [0.955] + 0.814 = 3.12 
h = (k/L)Nu L =(0.028 W/m K/0.03m)3.12 = 2.91 W/m 2 K 

q CO nv = 2 - 91 W/m 2 • K^4 m 2 )(70-30)°C = 466 W < 

The net rate of radiation exchange is given by Eq. 13.24. 

Aohf -j} ) (4 m 2 ]5.67xl0 _8 W/m 2 K 4 (343 4 -303 4 )k 4 

q = V i ~ 7 = '---------= 1088 W < 

-i-1 -i-1 

£\ £2 0.96 0.92 

(b) The effect of the absorber plate temperature was determined by entering Eq. 9.54 into the IHT 
workspace and using the Properties and Radiation Toolpads. 


Continued 




PROBLEM 13.113 (Cont.) 



<a 

CD 



qconv + qrad 

qconv 

qrad 


4 

As expected, the convection and radiation losses increase with increasing Tj, with the T dependence 
providing a more pronounced increase for the radiation. 

COMMENTS: To minimize heat losses, it is obviously desirable to operate the absorber plate at the 
lowest possible temperature. However, requirements for the outlet temperature of the working fluid 
may dictate operation at a low flow rate and hence an elevated plate temperature. 




PROBLEM 13.114 

KNOWN: Disk heated by an electric furnace on its lower surface and exposed to an environment on 
its upper surface. 

FIND: (a) Net heat transfer to (or from) the disk q net ,d when T d = 400 K and (b) Compute and plot 

0net,d as a function of disk temperature for the range 300 < Td < 500 K; determine steady-state 
temperature of the disk. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Disk is isothermal; negligible thermal resistance, 
(3) Surroundings are isothermal and large compared to the disk, (4) Non-black surfaces are gray- 
diffuse, (5) Furnace-disk forms a 3-surface enclosure, (6) Negligible convection in furnace, (7) 
Ambient air is quiescent. 

PROPERTIES: Table A-4 , Air (T f = (T d + Too)/2 = 350 K,1 atm): v = 20.92 x 10' 6 m 2 /s, k = 0.30 
W/m-K, a = 29.9 x 10~ 6 m7s. 

ANALYSIS: (a) Perform an energy balance on the disk identifying: q ra d as the net radiation 
exchange between the disk and surroundings; q con v as the convection heat transfer; and q 3 as the net 
radiation leaving the disk within the 3-surface enclosure. 

Onet.d — Ej n — E out — —q rac j — qconv — 43 (1) 

Radiation exchange with surroundings : The rate equation is of the form 

4rad = e d,2^d cr (^d — T sur j (2) 

q ra d = 0.8 (tt/ 4)(0.400m) 2 5.67xl0“ 8 W/m 2 • K 4 (400 4 -300 4 )k 4 =99.8 W. 

Free convection : The rate equation is of the form 

Oconv = hAd (Td — T^ ) (3) 

where h can be estimated by an appropriate convection correlation. Find first, 

Ra L =g£ATL 3 /va (4) 

Ra L = 9.8m/s 2 (1/350 K)(400-300)K(0.400m/4) 3 / 20.92 x 10“ 6 m / s 2 x 29.9xl0“ 6 m 2 is 
Ra L =4.476xl0 6 

4 7 

where L = A c /P = D/4. For the upper surface of a heated plate for which 10 < RaL < 10 , Eq. 9.30 is 
the appropriate correlation, 
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Nu = hL/k = 0.54RaL 


/ /r \1 / 4 ~ 

h = 0.030W/m-K/(0.400m/4)x0.5414.476x10° I =7.45W/m -K 


Hence, from Eq. (3), 

Oconv = 7.45 W / m 2 • K (jc / 4) (0.400 m) 2 (400 - 300) K = 93.6 W. 

Furnace-disk enclosure'. From Eq. 13.20, the net radiation leaving the disk is 

q 3 = - l —+ - “T= A 3 [F^i (J 3 — Jj ) + F } 2 (J3 — J2 )]• ( 6 ) 

(A 3 P?l) (A 3 F, 2 ) 

The view factor F 32 can be evaluated from the coaxial parallel disks relation of Table 13.1 or from 
Fig. 13.5. 

R j = rj / L = 200 mm / 200 mm = 1, 

R j =r j /L = l. 


S = l + (l + R 2 )/R 2 = l + (l + l 2 )l 2 =3 

P 3 ! = 1/2 is— S 2 - 4 (rj / q )~ | = I/ 2 I 3 - 3 2 -4(l) 2 


= 0.382. 


From summation rule, F 32 = 1 - F 33 - F 3 j = 0.618 with F 33 = 0. Since surfaces A 2 and A 3 are black, 
J 2 = E b2 = 0 T 2 = o (500 K ) 4 = 3544 W / m 2 
j 3 =E b3 =( 7 T 3 4 = d(400 K ) 4 =1452 W/m 2 . 

To determine Jj, use Eq. 13.21, the radiation balance equation for Aj, noting that F | 2 = F 32 and F 13 = 
^31' 

E b i — Ji Ji — Jo Ji — J 3 


E bl~ J l = J 1~ J 2 | J 1~ J 3 

(l- £ l)/ £ lAl (A 1 fi 2 r 1 (Ajlig )- 1 

3544-J! _ J! -3544 | J 1 -1452 

(l-0.6)/0.6 (0.618) -1 (0.382) -1 


Ji =3226 W/m 


Substituting numerical values in Eq. (6), find 

q 3 =(^/4)(0.400m) 2 0.382(1452-3226)W/m 2 +0.618(1452-3544)W/m 2 =-248 W. 
Returning to the overall energy balance, Eq. (1), the net heat transfer to the disk is 

Onet.d =-99.8 W-93.6W-(-248W) =+54.6 W < 

That is, there is a net heat transfer rate into the disk. 

(b) Using the energy balance, Eq. (1), and the rate equation, Eqs. (2) and (3) with the IHT Radiation 
Tool, Radiation, Exchange Analysis, Radiation surface energy balances and the Correlation Tool, 
Free Convection, Horizontal Plate (Hot surface up), the analysis was performed to obtain q net; d as a 
function of Tj. The results are plotted below. 

The steady-state condition occurs when q net 3 = 0 for which 


T h =413 K 


Continued 




PROBLEM 13.114 (Cont.) 



Disk temperature, Td (K) 


COMMENTS: The IHT workspace for the foregoing analysis is shown below. 

// Radiation Tool - Three Surface Enclosure, Furnace Disk Enclosure: 

/* The net heat rate leaving A1 in terms of the surface resistance is 7 
ql = (Ebl - J1)/((1 - epsl) / (epsl ’A1)) //Eq 13.19 

/* The net heat rate leaving A1 in terms of the net exchanges between enclosure surfaces is 7 
ql = q12 + q13 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 13.20 and 13.22, 7 
q12 = (J1 - J2) / (1 / (A1 * F12)) 
q 13 = (J1 - J3) / (1 / (A1 * FI3)) 

/* The net heat rate leaving A2 in terms of the surface resistance is 7 
q2 = (Eb2 - J2) / ((1 - eps2) / (eps2 * A2)) // Eq 13.19 

/* The net heat rate leaving A2 in terms of the net exchanges between enclosure surfaces is 7 
q2 = q21 + q23 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 13.20 and 13.22, 7 
q21 = (J2 - J1) / (1 / (A2 * F21)) 
q23 = (J2 - J3) / (1 / (A2 * F23)) 

/* The net heat rate leaving A3 in terms of the surface resistance is 7 
q3 = (Eb3 - J3) / ((1 - eps3) / (eps3 * A3)) // Eq 13.19 

/* The net heat rate leaving A3 in terms of the net exchanges between enclosure surfaces is 7 
q3 = q31 + q32 

/* where the net exchange rates expressed in terms of the space resistances are, Eq 13.20 and 13.22, 7 
q31 = (J3 - J1) / (1 / (A3 * F31)) 
q32 = (J3 - J2) / (1 / (A3 * F32)) 

// Emissive Powers: 

Ebl = sigma * TIM 
Eb2 = sigma * T2M 
Eb3 = sigma * T3M 

sigma = 5.67e-8 // Stefan-Boltzmann constant, W/m A 2.KM 

// Radiation Tool - View Factor: 

/* The view factor, FI 2, for coaxial parallel disks, is 7 
FI 3 = 0.5 * (S - sqrt(S A 2 - 4*(r3 / r1) A 2)) 

// where 
R1 = rl / L 
R3 = r3 / L 

S = 1 +(1 + R3 A 2) / R1 A 2 

// See Table 13.2 for schematic of this three-dimensional geometry. 


// Other View Factors 

F12 = 1 - F13 
F21 = A1 * F12/A2 
F23 = F21 
F31 = FI 3 
F32 = FI 2 
A1 = pi * r1 A 2 
A2 = pi * rl * L 
A3 = pi * r3 A 2 


Areas Required: 

// Summation rule, A1 
// Reciprocity rule 
// Symmetry condition 
// Symmetry condition 
// Symmetry condition 
// Surface area, rtV^ 

// Surface area, m A 2 
// Surface area, rrV^ 


and 


// Overall plate energy balance, Eqs (1,2,3): 
qnet = - qrad - qcv - q3 
qrad = eps32 * A3 * sigma * (T3M - TsurM) 
qcv = hLbar * A3 * (T3 - Tinf) 


Continued 
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// Convection Tool - Free Convection, Flat Plate: 

// Hot Surface Up (HSU) or Cold Surface Down (CSD) 

NuLbar3 = NuL_bar_FC_HPJHSU(RaL3) // Eq 9.30 or 31 
NuLbar3 = hLbar * L3 / k3 

RaL3 = g * beta3 * deltaT3 * L3 A 3 / (nu3 * alpha3) //Eq 9.25 
deltaT3 = abs(T3 - Tinf) 

g = 9.8 // gravitational constant, m/s A 2 

// Evaluate properties at the film temperature, Tfl. 

Tf = Tfluid_avg(Tinf,T3) 

// The characteristic length, surface area and perimeter are 
L3 = As3 / P3 // Eq 9.29 

As3 =pi * r3 A 2 
P3 = pi * r3 

// Properties Tool - Air 

// Air property functions : From Table A.4 

// Units: T(K); 1 atm pressure 

nu3 = nu_T("Air",Tf) // Kinematic viscosity, m A 2/s 
k3 = k_T("Air",Tf) // Thermal conductivity, W/m-K 

alpha3 = alpha_T(''Air",Tf) // Thermal diffusivity, m A 2/s 
Pr3 = Pr_T("Air",Tf) //Prandtl number 

beta3 = 1/Tf // Volumetric coefficient of expansion, K A (-1); ideal gas 


// Assigned Variables 

rl = 0.2 
r3 = 0.2 
L = 0.2 
T1 = 500 
epsl = 0.6 
T2 = 500 
eps2 = 0.999 
T3 = 400 
eps32 = 0.8 
eps3 = 0.999 
Tinf = 300 
Tsur = 300 


// Radius, m 
// Radius, m 

// Separation distance, m 
//Temperature, K 
// Emissivity 
//Temperature, K 

// Emissivity: avoiding 'division by zero error' 

// Temperature, K 

// Emissivity; upper surface 

// Emissivity: lower surface, enclosure side 

// Ambient air temperature, K 

// Surroundings temperature, K 



PROBLEM 13.115 


KNOWN: Radiation shield facing hot wall at T w = 400 K is backed by an insulating material of 
known thermal conductivity and thickness which is exposed to ambient air and surroundings at 300 K. 

FIND: (a) Heat loss per unit area from the hot wall, (b) Radiosity of the shield, and (c) Perform a 
parameter sensitivity analysis on the insulation system considering effects of shield reflectivity p s , 
insulation thermal conductivity k, overall coefficient h, on the heat loss from the hot wall. 


SCHEMATIC: 


\ \ \ s 
/ / / 

S \ X s 
XXX 

\ s \ \ 

Wall 


\ \ \ X 




T sur= 300 K 

Insulation material, 
k= 0.016 W/m K 



S3 

300 K , 

h =20 W/m 2 • K 


ASSUMPTIONS: (1) Wall is black surface of uniform temperature, (2) Shield and wall behave as 

parallel infinite plates, (3) Negligible convection in region between shield and wall, (4) Shield is 

2 

diffuse-gray and very thin, (5) Prescribed coefficient h = 10 W/m K is for convection and radiation. 
ANALYSIS: (a) Perform an energy balance on the shield to obtain 

rr // 

0w-s — Ocond 

But the insulating material and the convection process at the exposed surface can be represented by a 
thermal circuit. 



In equation form, using Eq. 13.24 for the wall and shield, 


0w-s 


■(Tw-T s 4 ) 


T -T 


l/e w +l/e s -l L/k + l/h 


a ^400 4 -T s 4 ) 


(T s -300)K 


1 + 1/0.05-1 (0.025/0.016 + l/10)m“ K/W 

T s = 350 K. 

where £ s = 1 - p s . Hence, 


0w-s 


(350-300) K 


= 30 W/rn . 


(0.025/0.016 + l/10)m 2 K/W 
(b) The radiosity of the shield follows form the definition, 

Js = P S G S + £ s^b (T s ) = Ps (<7T W j + (l — Ps j. 

J s =0.95(7(400 K) 4 + (l-0.95)(7(350 K) 4 =1421 W/m 2 . 
with o = 5.67 x 10" 8 W/m 2 -K 4 . 


(L2) 


< 

(3) 

< 
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(c) Using the Eqs. (1) and (2) in the IHT workspace, tp v _ s can be computed and plotted for selected 
ranges of the insulation system variables, p s , k, and h. Intuitively we know that q* v _ s will decrease 
with increasing p s , decreasing k and decreasing h. We chose to generate the following family of 
curves plotting q^_ s vs. k for selected values of p s and h. 



0.005 0.01 0.015 0.02 

Thermal conductivity, k (W/m.K) 

- Base case: rhos — 0.95, h - 10 W/m /s 2.K 

—©— rhos = 0.98 

■ " • . rhos = 0.90 

— A — h = 5 W/m /x 2.K 
— A — h = 15 W/nV'2.K 

Considering the base condition with variable k, reducing k by a factor of 3, the heat loss is reduced by 
a factor of 2. The effect of changing h (4 to 24 W/m K) has little influence on the heat loss. 
However, the effect of shield reflectivity change is very significant. With p s = 0.98, probably the 
upper limit of a practical reflector-type shield, the heat loss is reduced by a factor of two. To improve 
the performance of the insulation system, it is most advantageous to increase p s and decrease k. 




PROBLEM 13.116 


KNOWN: Diameter and surface temperature of a fire tube. Gas low rate and temperature. 
Emissivity of tube and partition. 

FIND: (a) Heat transfer per unit tube length, q', without the partition, (b) Partition temperature, T p , 
and heat rate with the partition, (c) Effect of flow rate and emissivity on q" and T p . Effect of 
emissivity on radiative and convective contributions to q". 


SCHEMATIC: 



ASSUMPTIONS: (1) Fully-developed flow in duct, (2) Diffuse/gray surface behavior, (3) 
Negligible gas radiation. 

PROPERTIES: Table A-4, air (T m , g = 900 K): p = 398 x 10~ ? N s/m 2 , k = 0.062 W/m-K, Pr = 0.72; 
air (T s = 385 K): p = 224 x 10 7 N-s/m 2 . 


ANALYSIS: (a) Without the partition, heat transfer to the tube wall is only by convection. With m 
= 0.05 kg/s andRe D = 4 m g /;rDp = 4(0.05 kg/s)/Tr(0.07 m)398xl0“ 7 N-s/m 2 =22,850, the 
flow is turbulent. From Eq. (8.61), 

Nu d = 0.027Re^/ 5 Pr 173 (p/p s )°' 14 = 0.027(22,850) 4/5 (0.72) 1/3 (398/224) 0 ' 14 = 80.5 


k 0.062 W/m-K 2 

h = —Nu n =-80.5 = 71.3 W/nT -K 

D 0.07 m 


q = h7rD(T m g -T S ) = 71.3W/m 2 • K(7 t) 0.07 m(900-385) = 8075 W/m < 

(b) The temperature of the partition is determined from an energy balance which equates net radiation 
exchange with the tube wall to convection from the gas. Hence, q" m q = qconv’ where from Eq. 13.23, 



where Fi 2 = 1 and A p /A s = D/(7tD/2) = 2/7t = 0.637. The flow is now in a noncircular duct for which 
D h = 4A C /P = 4(7tD 2 /8)/(7tD/2+D) = 7tD/(7t + 2) = 0.611 D = 0.0428 m and m 1/2 = m g / 2 = 0.025 

kg/s. Hence, Re D = m 1/2 D h /A c p = m 1/2 D h /(7tD 2 /8)p = 8(0.025 kg/s) (0.0428 m)/jt(0.07 m) 2 398 x 
10' 7 N-s/m 2 = 13,970 and 

Nu d =0.027(13,970) 4/5 (0.72) 1/3 (398/224)°' 14 =54.3 


k 0.062 W/m-K 

h =-Nun =- 

D h 0.0428 m 


54.3 = 78.7 W/m 2 


•K 
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Hence, with e s = e p = 0.5 and q^onv = h (T m g - Tp J, 

5.67x 10“ 8 W / m 2 • K 4 (Tp - 385 4 ) K 4 

-7- L -= 78.7 W / m 2 • K (900 - T n ) K 

1 + 1 + 0.637 v 

21.5x 10 _8 T 4 +78.7Tp -71,302 = 0 

A trial-and-error solution yields 



01/2 


0.07 m( 5.67x10 8 W/m 2 • K 4 j(796.4 4 - 385 4 jK 4 

---—---+ 78.7 W/m 2 • K(0.110 m)(900-385)K 

2.637 


qJ /2 =572 W/m + 4458 W/m = 5030 W/m 
The heat rate for the entire tube is 


q , = 2q / 1/2 =10,060 W/m < 

(c) The foregoing model was entered into the IHT workspace, and parametric calculations were 
performed to obtain the following results. 



Emissivity, epsp = epss 


—mdot = 0.02 kg/s 
—A— mdot = 0.05 kg/s 
—*— mdot = 0.08 kg/s 



Emissivity, epsp =epss 


• mdot = 0.02 kg/s 
—mdot = 0.05 kg/s 
—■— mdot = 0.08 kg/s 


Radiation transfer from the partition increases with increasing e p = £ s , thereby reducing T p while 
increasing q. Since h increases with increasing m, T p and q also increase with m. 
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a> 

X 



Emissivity, epsp = epss 


q'conv + q'rad, mdot = 0.05 kg/s 
q'conv, mdot = 0.05 kg/s 
q'rad, mdot = 0.05 kg/s 


Although the radiative contribution to the heat rate increases with increasing e p = £ s , it still remains 
small relative to convection. 

COMMENTS: Contrasting the heat rate predicted for part (b) with that for part (a), it is clear that 
use of the partition enhances heat transfer to the tube. However, the effect is due primarily to an 
increase in h and secondarily to the addition of radiation. 




PROBLEM 13.117 


KNOWN: Height and width of a two-dimensional cavity filled with helium. Temperatures and 
emissivities of opposing vertical plates. 

FIND: (a) Heat rate per unit length, (b) Effect of L on heat rate. 


SCHEMATIC: 


T 

H = 160 mm 

i 





sy//////// 


Helium, p = 1 atm 
T 1 = 75 °C, 8-| = 0.8 
T 2 = 15 °C, e 2 = 0.8 


H-H— L = 20 mm, A = H/L = 8 


ASSUMPTIONS: (1) Steady-state conditions, (2) Isothermal plates, (3) Diffuse-gray surfaces, (4) 
Reradiating cavity sidewalls. 


PROPERTIES: Table A-4, Helium (T = 318 K, 1 atm): v = 136 x 10" 6 m7s, k = 0.158 W/m-K, a = 
201 x 10" 6 m 2 /s, Pr = 0.679, (3 = 0.00314 K' 1 . 


ANALYSIS: (a) The power generated by the electronics leaving the surface Aj is q = q aonv + qj. at |, 
or 


q , = hH(T 1 -T 2 ) + 


H(t(Ti 4 -T 2 4 ) 

1 - £ 1 _ 1 _ , l - £ 2 

£ 1 Fl2+[(l/FiR) + (l/F2R)r 1 £ 2 


The free convection coefficient can be estimated using Eq. 9.50 with 


Rai = 


g p ^ _ To ) l 3 9.8 m / s 2 (o.00314 K 1 ) 60 K (0.02 m) 3 


av 


201x10 6 x136x 10 6 m 4 /s 2 


= 540 


However, since RaL < 1000, free convection effects can be neglected, in which case heat transfer is by 
conduction and Nu L = 1 • Hence, 

h = Nu l (k/L) = 1.0(0.158 W/m K/0.02m) = 7.9 W/m 2 K. 


The view factor can be found from Fig. 13.4 with X/L = 8 and Y/L = °o. Hence, F 1 2 = 0.9 and Fir = 
F 2 r = 0.1. It follows that 


q=7.9 W/m“ K(0.16m)(60°C) + - 


0.16mx5.67x10 ° W/nC • K| 348"^-288 4 |K 4 


^348 4 -288 4 j 


0.25 + - 


0.9 + 


10 + 10 


-1 


=r + 0.25 


q' = 75.8 W/m + 45.5 W/m = 121 W/m. 


< 
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(b) To assess the effect of plate spacing on convection heat transfer. q^, onv = hH (Tj — T 2 ) was 

computed by using both Eq. 9.50 and the conduction limit (Nu l = I j to determine h. These 

expressions were entered into the IHT workspace, and the Radiation Toolpad was used to obtain the 
appropriate radiation rate equation and view factor. 




• qconv' + qracT 

—NuL based on Eq. 9.50 * qconv’ 

—NuL = 1 —*— qrad' 


The cross-over at L = 28 mm marks the plate spacing below and above which, respectively, the 
conduction limit and Eq. 9.50 are applicable. Although there is a slight increase in q^ onv with 

increasing L for L > 28 mm, the increase pales by comparison with that corresponding to a reduction 
in L for L < 28 mm. As the two plates are brought closer to each other in the conduction limit, the 
reduction in the corresponding thermal resistance significantly increases the heat rate. The total heat 
rate and the conduction and radiative components are also plotted for 5 < L < 25 mm. There is an 
increase in q^ ac j with decreasing L, due to an increase in F 12 (F 12 = 0.97 for L = 5 mm). However, 
the increase is small, and conduction is the dominant heat transfer mode. 

COMMENTS: Even for small values of L, the total heat rate is small and the scheme is poorly 
suited for electronic cooling. Note that helium is preferred over air on the basis of its larger thermal 
conductivity. 





PROBLEM 13.118 


KNOWN: Diameters, temperatures, and emissivities of concentric spheres. 

FIND: Rate at which nitrogen is vented from the inner sphere. Effect of radiative properties on 
evaporation rate. 


SCHEMATIC: 


D 0 =1.10 m 


Helium, p = 1 atm 


Tj = 77 K, £/ = 0.3 



Dj =1 m 


Liquid nitrogen 
T Q = 283 K, s 0 = 0.3 


ASSUMPTIONS: Diffuse-gray surfaces. 

PROPERTIES: Liquid nitrogen (given): h fg = 2 x 10 5 J/kg; Table A-4, Helium (T = (T, + T 0 )/2 
180 K, 1 atm): v = 51.3 x 10' 6 m 2 /s, k = 0.107 W/m-K, a = 76.2 x 10' 6 m 2 /s, Pr = 0.673, p 
0.00556 K 1 . 


ANALYSIS: (a) Performing an energy balance for a control surface about the liquid nitrogen, it 
follows that q = q CO nv + Orad = mhfg. From the Raithby-Hollands expressions for free convection 

between concentric spheres, q CO nv = k e ffJt(Di D 0 /L)(T 0 - TO, where 


( 


k e ff = 0.74 k 


Pr 


\l/4 


v 0.861+ Pr j 


1/4 


Ra L = 


(D oDi f(Dr 7,5 + D- 7 ' 5 ) 
g[3 (T - T- ) L 3 9 - 8 m ' s2 (o.00556 K _1 ) (206 K) (0.05m) 3 


va 


(51.3x10 6 m 2 /s)(76.2xl0 6 m 2 /s) 


= 3.589x10 . 


Hence, 

k eff =0.74(0.107 W/m-K) 


f 0.673 3 

1/4 

0.05 3.589x10 s 

v 0.861 + 0.673 y 


(l.l) 4 (1 + 0.875) 5 


1/4 


= 0.309 W/m-K. 


The heat rate by convection is 

Oconv = (°-309 W/m-K)^:(l.lOm 2 /0.05m)206 K = 4399 W. 


From Table 13.3, 


9rad 9oi 


OTrD 2 (t 9 -Tj4) 


( 5 ‘ 


l/£ i +((l-£ 0 )/£ 0 )(D i /D 0 ) J 


67x10 8 W /m 2 • K 4 


)^(1 m) 2 (283 4 -77 4 |k 4 


1/0.3+ (0.7/0.3) (l/l.l)“ 


= 216 W. 
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PROBLEM 13.118 (Cont.) 


Hence, m = q/h fg = (4399 + 216)W/2xl0 5 J/kg = 0.023kg/s. < 

With the cavity evacuated, IHT was used to compute the radiation heat rate as a function of £j = £ 0 . 



Clearly, significant advantage is associated with reducing the emissivities and q ra( i = 31.8 W for £j = 
£ 0 = 0.05. 

COMMENTS: The convection heat rate is too large. It could be reduced by replacing He with a gas 
of smaller k, a cryogenic insulator (Table A.3), or a vacuum. Radiation effects are second order for 
small values of the emissivity. 



PROBLEM 13.119 


KNOWN: Dimensions, emissivity and upper temperature limit of coated panel. Arrangement and 
power dissipation of a radiant heater. Temperature of surroundings. 

FIND: (a) Minimum panel-heater separation, neglecting convection, (b) Minimum panel-heater 
separation, including convection. 

SCHEMATIC: 



ASSUMPTIONS: (1) Top and bottom surfaces of heater and panel, respectively, are adiabatic, (2) 
Bottom and top surfaces of heater and panel, respectively are diffuse-gray, (3) Surroundings form a 
large enclosure about the heater-panel arrangement, (4) Steady-state conditions, (5) Heater power is 
dissipated entirely as radiation (negligible convection), (6) Air is quiescent and convection from panel 
may be approximated as free convection from a horizontal surface, (7) Air is at atmospheric pressure. 

PROPERTIES: Table A-4, Air (T f = (400 + 298)/2 - 350 K, 1 atm): v = 20.9 x 10' 6 nfVs, k = 0.03 
W/m-K, Pr = 0.700, a = 29.9 x 10" 6 m 2 /s, (3 = 2.86 x 10‘ 3 K' 1 . 

ANALYSIS: (a) Neglecting convection effects, the panel constitutes a floating potential for which 
the net radiative transfer must be zero. That is, the panel behaves as a re-radiating surface for which 

E b 2 = J2- Hence 

J 1 -E b2 + J 1 -E b3 

l/Aflj l/A^j 

and evaluating terms 

E b2 =(tT 2 =5.67 xl{ r 8w/ m 2 K 4 (400 K) 4 =1452 W/m 2 
E b3 =(7T 3 4 =5.67xl0“ 8 W/m 2 -K 4 (298 K) 4 =447 W/m 2 
F[ 3 =l-F[2 A} = 25 m“ 

find that 

75,000 W _Jj-1452 J : -447 
25 m 2 " m~2 + 1/(1-Fh) 

3000 W/m 2 = F^ 2 (J x —1452) + (J 1 -447)-F^ 2 (jj -447) 

jj =3447 + 1005^2- (2) 

Performing a radiation balance on the panel yields 
J 1 ~ E b2 = E b2 ~ E b3 
1/A l r l2 1/A 2 E 23 
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PROBLEM 13.119 (Cont.) 


With A| = A 2 and F 23 = 1 - F 12 

Iq (J : -1452) = (1 - % ) (1452 - 447) 
or 

447Fj 2 = F^ 2 Jl -1005. (3) 

Substituting for J 1 from Eq. (2), find 

447fj 2 = Fj 2 (3447 +1005% ) -1005 

1005FL2 + 3000% -1005 = 0 
Fj 2 = 0.30. 

Hence from Fig. 13.4, with X/L = Y/L and Fy = 0.3, 

X/L = 1.45 


L ~ 5 m/1.45 = 3.45 m. 


(b) Accounting for convection from the panel, the net radiation transfer is no longer zero at this 
surface and E b 2 ^ J2- It then follows that 

J 1~ J 2 | J l~ E b3 
1 1/%% l/A 1 Fq 3 

where, from an energy balance on the panel, 

J 2 _E b2 


(l-£ 2 )/£2 A 2 

2 


0conv,2 h A 2 ( E 2 Too)- 


(4) 


(5) 


With L s A s /P = 25 m~/20 m = 1.25 m, 

gjS(T s -T )L 3 9.8 m/s 2 (2.86xl0“ 3 K _1 )(l02 K)(1.25 m) 3 


Ra L = 


va 


-12 4,2 

s 


= 8.94xl0 9 . 


Hence 


(20.9x29.9)10 m 4 / 

1/3 


Nu l = 0.15RaL 3 = 0.15^8.94xl0 9 j =311 

0.03 W/m - K 2 

h = 311 k/L = 311-= 7.46 W/m -K 

1.25 m 

9conv,2 = 7 - 46 W/m 2 -K(l02 K) = 761 W/m 2 . 

From Eq. (5) 

J2= E b2+ —qconv, 2 =1452 + ^761 = 3228 W/m 2 . 

£ 2 0.3 
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PROBLEM 13.119 (Cont.) 

From Eq. (4), 

75,000 _ J l - 3228 J!~447 

25 “ W% + 1 /( 1 -Fl 2 ) 

3000 = % ( J 1 -3228) + J, -447 - % ( J 1 - 447 ) 

j 1 =3447+ 2781112- ( 6 ) 

From an energy balance on the panel, 

J 1~ J 2 | E b3 ~ J 2 _ J 2 ~ E b2 
1/AjI 12 1 /A 2 F 23 (l-e 2 )/e 2 A 2 conv ’ 2 

ll 2 (Ji-3228) +(l-fi2)(447-3228) = 761 

Fi 2 J j — 447Fj 2 = 3542. 

Substituting from Eq. ( 6 ), 

% (3447 + 2781%)- 447% = 3542 

278 1Fi 2 2 + 3000% - 3542 = 0 
1*2=0.71. 

Hence from Fig. 13.4, with X/L = Y/L and Fjj = 0.71, 

X/L = 5.7 

L = 5 m/5.7 = 0.88 m. < 

COMMENTS: (1) The results are independent of the heater surface radiative properties. 


(2) Convection at the heater surface would reduce the heat rate qi available for radiation exchange 
and hence reduce the value of L. 



PROBLEM 13.120 


KNOWN: Diameter and emissivity of rod heater. Diameter and position of reflector. Width, 
emissivity, temperature and position of coated panel. Temperature of air and large surroundings. 

FIND: (a) Equivalent thermal circuit, (b) System of equations for determining heater and reflector 
temperatures. Values of temperatures for prescribed conditions, (c) Electrical power needed to 
operate heater. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Diffuse-gray surfaces, (3) Large surroundings act 
as blackbody, (4) Surfaces are infinitely long (negligible end effects), (5) Air is quiescent, ( 6 ) 
Negligible convection at reflector, (7) Reflector and panel are perfectly insulated. 

PROPERTIES: Table A-4, Air (T f = 350 K, 1 atm): k = 0.03 W/m-K, v = 20.9 x 10 " 6 m 2 /s, a = 29.9 
x 10 ' 6 m 2 /s, Pr = 0.70; (T f = (1295 + 300)/2 = 800 K): k = 0.0573 W/m-K, v = 84.9 x 10 ' 6 m 2 /s, a = 
120 x 10" 6 m 2 /s. 


ANALYSIS: (a) We have assumed blackbody behavior for Ai and A 4 ; hence, J = Eb- Also, A 2 is 
insulated and has negligible convection; hence q = 0 and J 2 = Eb 2 - The equivalent thermal circuit is: 



(b) Performing surface energy balances at 1, 2 and 3: 

„ _ E bl _E b2 , E bl — J 3 , E bl — E b4 

Ql <3conv 1 ' ' 

’ l/Ajfh l/Atfg l/A^q 


( 1 ) 


q _ E bl ~ E b2 | J 3 ~ E b2 , E b4~ E b2 
1 /A 2 E 21 1/A 2 E 23 1 /A 2 f 24 


J 3 ~ E b3 

( 1 -e 3 )/e 3 A 3 

where 

J 3 ~ E b3 

( 1 -e 3 )/e 3 A 3 


E bl ~ J 3 | E b2 ~ J 3 , 
I/A 3 F 31 I/A 3 F 32 


E b4 ~ J 3 
1/ A3I34 


0conv,3- 


( 2 ) 

(3a) 


(3b) 


Continued 




PROBLEM 13.120 (Cont.) 


Solution procedure with E b3 and E b 4 known: Evaluate q CO nv ,3 and use Eq. (3b) to obtain J 3 ; Solve 
Eqs. (2) and (3a) simultaneously for E b i and E b 2 and hence Ti and T 2 ; Evaluate q CO nv,l an d use Eq. 
( 1 ) to obtain q b 


For free convection from a heated, horizontal plate: 


A s (WxL) W 

— = 7 ^- ~z~ — = 0.5 

P (2L + 2W) 


g/3(T 3 -T 00 )L J c 9.8 m/s / (350 K) 1 (100 K)(0.5 m) 


Ra L = 


av 


20.9x29.9x10 12 m 4 /s 2 


= 5.6x10° 


Nu, 


= 0.15RaL 3 =0.15(5.6xl0 8 ) 1/3 = 123.6 


k — 0.03 W/m Kxl23.6 

h 3 = — Nu T =- 

L c L 0.5 m 


= 7.42 W/m 2 


•K. 


qconv,3=h 3 (T 3 -T CXJ ) = 742 W/m 2 . 

Hence, with 

E b3 =ctT 3 4 =5.67xl0“ 8 W/m 2 K 4 (400 K ) 4 =1451 W/m 2 
using Eq. (3b) find 

J 3 =E b3 + 1 —^-q conv3 =(l451 + [0.3/0.7]742) = 1769 W/m 2 . 

£ 3 A 3 

View Factors'. From symmetry, it follows that F 12 = 0.5. With 0 = tan 1 (W/2)/H = tan 1 (0.5) = 
26.57°, it follows that 

]q 3 = 26/360 = 0.148. 

From summation and reciprocity relations, 

144 =1-%-1)3 =0-352 

F 2 , = ( A i / A 2 )Y\ 2 = (2D : /D 2 )F [ 2 = 0.02x0.5 = 0.01 
F 23 =( A 3 /A 2)P32 = ( 2/7r )( F 32 ,_F 3l)- 


For X/L = 1, Y/L = 00 , find from Fig. 13.4 that = 0.42. Also find, 
F ^ 1 =(A 1 /A 3 )f ^ 3 = (ttx0.01/1)0.148 = 0.00465 = 0.005 
F 23 = (2 In) (0.42 -0.005) = 0.264 
f 22 - 1'- F 22 ' = 1 ■- ( a ' 2 / a 2 )F 2 '2 = 1'- (2 / n ) = 0.363 


F 24 - 1 - F 2 1 - F 22 - F 23 - 0.363 
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PROBLEM 13.120 (Cont.) 


F$! = 0.005, 132=0.415 

F 34 = i — 132 ' = 1 — 0.42 = 0.58. 

With E b 4 =crT 4 =5.67xlO“ 8 W/m 2 K 4 (300 K ) 4 = 459 W/m 2 , 

Eq. (3a) -> 0.005(E bl - 1769) + 0.415(E b2 - 1769) + 0.58(459 - 1769) = 742 

0.005E b i + 0.415Eb2 = 2245 (4) 

Eq. (2) -> 0.01(E bl - E b2 ) + 0.264(1769 - E b2 ) + 0.363(459 - E b2 ) = 0 

0.01E M -0.637E b2 + 633.6 = 0. (5) 

Hence, manipulating Eqs. (4) and (5), find 
E b2 =0.0157E bl + 994.7 

0.005E bl +(0.415) (0.0157E bl +994.7) = 2245. 

E bl =159,322 W/m 2 T) = (E bl /cr ) 1/4 = 1295 K < 

E b2 =0.0157(159,322) + 994.7 = 3496 W/m 2 T 2 = (E b 2 /(t ) 1/4 = 498 K. < 

(c) With Ti = 1295 K, then T f = (1295 + 300)/2 - 800 K, and using 

Ra _ gj3(T 1 -T 00 )D? _ 9.8 m/s 2 (1 /800 K)(1295-300) K (0.01m ) 3 
av 120x84.9xl0“ 12 m 4 /s 2 

Nu d =0.85Rao 188 =0.85(1196) 0 - 188 =3.22 

hj =(k/Dj)Nu D = (0.0573/0.0l)x3.22 = 18.5 W/m 2 K. 

The convection heat flux is 

Oconv.l = tq (Tj -Tqo ) = 18.5(1295-300) = 18,407 W/m 2 , 

Using Eq. (1), find 

Of = 9conv,l + *12 ( E bl ~ E b2 ) + ^3 ( E bl “ J 3 ) + ^4 ( E bl - E b4 ) 

q{ = 18,407 + 0.5 (159,322-3496) 

+0.148 (159,322 -1769) + 0.352 (159,322 - 459) 

q{ = 18,407 + (77,913 + 23,314 + 55,920) 
ql = 18,407 + 236,381 = 254,788 W/m 2 

q[ = 7 rD iq [ = K (0.01)254,788 = 8000 W/m. < 

COMMENTS: Although convection represents less than 8 % of the net radiant transfer from the 
heater, it is equal to the net radiant transfer to the panel. Since the reflector is a re-radiating surface, 
results are independent of its emissivity. 



PROBLEM 13.121 


KNOWN: Temperature, power dissipation and emissivity of a cylindrical heat source. Surface 
emissivities of a parabolic reflector. Temperature of air and surroundings. 

FIND: (a) Radiation circuit, (b) Net radiation transfer from the heater, (c) Net radiation transfer from 
the heater to the surroundings, (d) Temperature of reflector. 


SCHEMATIC: 



£,;= 0.1 



— s 2O =0.8-^v 

T„--300K ( (Tje 

A'-A' ._a' _02* T V Heater t V 2 = 0.005m, & r -0.80, 

r T.-lZOOK.Pi-lSOO^ 

ASSUMPTIONS: (1) Steady-state conditions, (2) Heater and reflector are in quiescent and infinite 
air, (3) Surroundings are infinitely large, (4) Reflector is thin (isothermal), (5) Diffuse-gray surfaces. 


PROPERTIES: Table A-4 , Air (T f = 750 K, 1 atm): v = 76.37 x 10" 6 m 2 /s, k = 0.0549 W/m-K, a = 
109 x 10' 6 m 2 /s, Pr = 0.702. 

ANALYSIS: (a) The thermal circuit is 



(b) Energy transfer from the heater is by radiation and free convection. Hence, 
,conv 


r, / / / 

p i =qi+qu 


where 


and 


Ol.conv hjrDj (Tj T^) 


g/3(T 1 -T co )D J 9.8 m/s / (750 K) 1 (900 K)(0.005 m) 


Ra D = 


va 


76.37x109x10 12 m 4 /s 2 


= 176.6. 


Using the Churchill and Chu correlation, find 

,2 


Nu d = ’ 


0.6 + - 


0.387Ra 1 D /6 


1 + (0.559/Pr)' 


9/16 


n 8/27 


0 . 6 + - 


0.387(176.6) 


1/6 


1 +(0.559/0.702)' 


9/16 


8/27 


= 1.85 


h = Nu (k/D) = 1.85(0.0549 W/m K/0.005 m) = 20.3 W/m 2 K. 
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PROBLEM 13.121 (Cont.) 

Hence, 

qi.conv = 20.3 W/m“ • K;r(0.005 m)(l200-300)K = 287 W/m 

q[ =1500 W/m-287 W/m = 1213 W/m. 

(c) The net radiative heat transfer from the heater to the surroundings is 
9l(sur) = ^l^llsur (^1 ~ ^sur)- 

The view factor is 

risur =(!35 / 360) = 0.375 


and the radiosities are 


J sur =C7T s 4 ur =5.67xi0 8 W/m“ • K 4 (300 Kf =459 W/m z 

J : =E bl -q / 1 (l-e 1 )e 1 A / 1 =5.67xl0“ 8 W/m 2 K 4 (l200 K) 4 

-1213 W/m[0.2/0.87T (0.005 m)] 

J, =98,268 W/m 2 . 

qi(sur) = ft (0.005 m)0.375(98,268-459)W/m 2 =576 W/m. 


Hence 


(d) Perform an energy balance on the reflector, 
92i = 92o + q2,conv 


J 2i _E b2 


E b2 ^sur 


(J ^2i)^2i^2 (J ^2o)^2o^2 + J^^2 E 2o(sur) 

The radiosity of the reflector is 

q'l( 2 i) 2 (1213-576 


+ 2h 2 A 2 (T 2 -T 00 ). 


qi(2i) 2 (1213-576) W/m 

J 2 i = Jl -— — = 98,268 W/m-- } - -/ -- 

AjlW) tt (0.005 m) (225/360) 


Hence 


J 2i =33,384 W/m. 


33,384-5.67x10" 


5.67x10" 


N)- 


(0.9/0.1X0.2 m) (0.2/0.8X0.2 m) + (l/0.2mxl) 

741.9-0.126x10“ 8 T 2 = 0.907x10“ 8 T 2 -73.4+ 0.8T 2 -240 

1.033x 10“ 8 T 2 +0.8T 2 =1005 
and from a trial and error solution, find 


+ 2x0.4(T 2 -300) 


T 2 = 502 K. 


COMMENTS: Choice of small e 2 j and large e 2o insures that most of the radiation from heater is 
reflected to surroundings and reflector temperature remains low. 



PROBLEM 13.122 


KNOWN: Geometrical conditions associated with tube array. Tube wall temperature and pressure 
of water flowing through tubes. Gas inlet velocity and temperature when heat is transferred from 
products of combustion in cross-flow, or temperature of electrically heated plates when heat is 
transferred by radiation from the plates. 

FIND: (a) Steam production rate for gas flow without heated plates, (b) Steam production rate with 
heated plates and no gas flow, (c) Effects of inserting unheated plates with gas flow. 


SCHEMATIC: 


^V^lOm/s, T wi --1Z00K 


OOOOO 

OOOOO 


T w = 400 K t p=2.5bar\) 
D=JOmm , Sj--S^=20mmJ 
Nj- =S } N/_=20,L-lm J 


OOOOO 



(a) 


Tp-1200K 


o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

6 

6 

6 

6 

6 


C b) 


ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible gas radiation, (3) Tube and plate 
surfaces may be approximated as blackbodies, (4) Gas outlet temperature is 600 K. 

PROPERTIES: Table A-4 , Air (T = 900 K, 1 atm): p = 0.387 kg/m 3 , c p = 1121 J/kg-K, v = 102.9 x 
10‘ 6 m 2 /s, k = 0.062 W/m-K, Pr = 0.720; (T = 400 K): Pr = 0.686; (T = 1200 K): p = 0.29 kg/m 3 ; 

Table A-6, Sat. water (2.5 bars): hf g = 2.18 x 10 6 J/kg. 

ANALYSIS: (a) With 

V ma x=[S T /(S T -D)]V = 20m/s 


Re D = 


V max D 20m/s(0.01m) 


102.9x10 6 m“ Is 


= 1944 


and from the Zhukauskas correlation with C = 0.27 and m = 0.63, 

Nu d =0.27(l944) a63 (0.720)°- 36 (0.720/0.686) 1/4 =28.7 


h = 0.062 W / m • Kx 28.7/0.01 m = 178 W/m-K. 


The outlet temperature may be evaluated from 


T -T 
A s A m,o 

T -T • 

A s %,i 


= exp 


f T-. 

hA 


mc r 


( 


= exp 


J 


hN7TDL 

pV^N-pS-pLcp 


400-T, 


m,o 


400-1200 


= exp 


f 


178 W/nC • Kx 100x^x0.01 m 
0.29 kg/m 3 xlO m/sx5x0.02 mxll21 J/kg-K 


A 


J 


T m , 0 = 543 K. 
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PROBLEM 13.122 (Cont.) 


(T s -T ma )-(T S -T m , 0 ) -800-(-143) 

In (T s - T m j) / (T s - T m 0 )] In (800/143) 

find 

q = hAAT to =178 W/m 2 • K(l00);r(0.01 m)l m(-382 K) 
q = —214 kW. 


If the water enters and leaves as saturated liquid and vapor, respectively, it follows that -q = m hf g , 
hence 

214,000 W 


m = 


= 0.098 kg/s. 


2.18x10 J/kg 

(b) The radiation exchange between the plates and tube walls is 


q : 


ApFps 0- 


(t p 4 -t s 4 ) 


• 2 • N x 


where the factor of 2 is due to radiation transfer from two plates. The view factor and area are 


Fps=l- 


_il / 2 

1-(D/S) 2 %(D/S)tan _1 (s 2 -D 2 )/D 2 


1/2 


Fp S =1-0.866+ 0.5 tan 1 1.732 = 1-0.866 + 0.524 


Fp S =0.658 


Ap = Sp 1 m = 20x0.02 mxl m = 0.40 m" 


Hence, 


q = 5x 


2 r,4 


0.80 m x0.658x5.67x10 W/m • K 1200 -400 K 


(l200 4 -400 4 ) 


,4 W4 


q = 305,440 W 


and the steam production rate is 


305,440 W 
m =- 

2.18xl0 6 J/kg 


= 0.140 kg/s. 


< 


(c) The plate temperature is determined by an energy balance for which convection to the plate from 
the gas is equal to net radiation transfer from the plate to the tube. Conditions are complicated by the 
fact that the gas transfers energy to both the plate and the tubes, and its decay is not governed by a 
simple exponential. Insertion of the plates enhances heat transfer to the tubes and thereby increases 
the steam generation rate. However, for the prescribed conditions, the effect would be small, since in 
case (a), the heat transfer is already ~ 80% of the maximum possible transfer. 



PROBLEM 13.123 


KNOWN: Gas-fired radiant tube located within a furnace having quiescent gas at 950 K. At a 
particular axial location, inner wall and gas temperature measured by thermocouples. 

FIND: Temperature of the outer tube wall at the axial location where the thermocouple 
measurements are being made. 

SCHEMATIC: 



ASSUMPTIONS: (1) Silicon carbide tube walls have negligible thermal resistance and are diffuse- 
gray, (2) Tubes are positioned horizontally, (3) Gas is radiatively non-participating and quiescent, (4) 
Furnace gas behaves as ideal gas, (3 = 1/T. 

PROPERTIES: Gas (given): p = 0.32 kg/m 3 , v = 130 x 10" 6 m 2 /s, k = 0.070 W/m-K, Pr = 0.72, oc = 
V/Pr= 1.806 x 10 4 m 2 /s. 


ANALYSIS: Consider a segment of the outer tube at 
the 

Prescribed axial location and perform an energy balance, 
^in ~ ^out = 0 

Orad.i +c lconv,i ~ 4rad,o “Oconv.o — ' * > 

The heat rates by radiative transfer are: 

Inside : For long concentric cylinders, Eq. 13.25, 

CTTrDj ^T s j — T s o j 

qradJ ~ l/£i+(l-£ 2 )/£ 2 ( D i /D 0 ) 



4rad,i 


5.67x10 8 W/m 2 K 4 ^(0.10 m)(l200 4 -T s 4 0 )k 4 

1/0.6+ (l-0.6)/0.6 (0.10/0.20) 


OradJ = 8.906x10 9 (l200 4 -T 4 0 ). 


( 2 ) 


Outside'. For the outer tube surface to large surroundings, 

9rad,o = e7rD o f7 ( T s 4 o -T 4 ^ ) = 0.6^: (0.20 m)5.67xl0“ 8 W/m 2 • K 4 (t 4 0 -950 4 )k 4 


qmd.o =2.138x10 8 (t 4 o -950 4 ). 


( 3 ) 


The heat rates by convection processes are: 


Continued 






PROBLEM 13.123 (Cont.) 


Inside : The rate equation is 

Oconv.i = hj7TD 0 (T m ^ — T so ). 

Find the Reynolds number with A c = n |Dq - D 2 j / 4 and = 4 A c / P, 


Rep=u m D h /v u m = m/pA c = 0.13 kg/s/ 


0.32 kg/m xk ! 4 


(o. 2 2 - 0 . 1 2 ) 


m 


(4) 


= 17.2 m/s 


D h = 


4{jz! 4)(d 4 -D 2 j n (o.2 2 -0.1 2 ji 


= 0.100 m Rep = 


17.2 m / sx 0.100 m 
130xl0 _6 m 2 /s 


K (D q + Dj ) (0.2 + 0.l)m 

The flow is turbulent and assumed to be fully developed; from the Dittus-Boelter correlation, 
Nu D = hD h / k = 0.023 Rep 8 Pr 0 ' 3 

hj = Q ' Q7Q W/m ~ K x 0.023(13,231)°- 8 (0.720) 03 =28.9 W/m 2 K 
0.100 m 

Substituting into Eq. (4), 

Oconv.i = 28.9 W/m 2 • Kxi(0.20 m)(l050-T s o )K = 18.16(l050-T s 0 ). 
Outside: The rate equation is 

Oconv.o = hc>^D 0 (T s ,o — ). 

Evaluate the Rayleigh number assuming T so = 1025 K so that Tf = 987 K, 


= 13,231. 


g^ATDo 9.8 m 2 /s 2 (1/987 K)(l025-950)K(0.20 m) J 


Ra D = 


va 


130x10 6 m 2 /sxl.806x10 4 m 2 /s 


= 2.537 xl0 J 


For a horizontal tube, using Eq. 9.33 and Table 9.1, 

/ c \ 1 / 4 

Nup = h 0 D 0 / k = CRap = 0.48 (2.537 x 10 3 I = 10.77 


(5) 


h 0 =(0.070 W/m• K)/0.20 mxl0.77 = 3.77 W/m 2 K. 

Substituting into Eq. (6) 

Oconv.o = 3 - 77 W/m 2 Kx^(0.20 m)(T s o -950)K = 2.369(T S O -950). (7) 

Returning to the energy balance relation on the outer tube, Eq. (1), substitute for the individual rates 
from Eqs. (2, 5, 3, 7), 

8.906 x 10“ 9 (l200 4 - T 4 0 j +18.16 (l050 - T s>0 ) - 2.138 x 10“ 8 (t 4 q - 950 4 j - 2.369 (T so - 950) = 0 (8) 

By trial-and-error, find T s o = 1040 K. < 


COMMENTS: (1) Recall that in estimating h 0 we assumed T s o = 1025 K, such that AT = 75 K (vs. 
92 K using T s 0 = 1042 K) for use in evaluating the Rayleigh number. For an improved estimate of 
T s ,o it would be advisable to recalculate h 0 . 

(2) Note from Eq. (8) that the radiation processes dominate the heat transfer rate: 

4rad (W/m) q ; onv (W/m) 

Inside 7948 136 

Outside 7839 219 



PROBLEM 13.124 


KNOWN: Temperature and emissivity of ceramic plate which is separated from a glass plate of 
equivalent height and width by an air space. Temperature of air and surroundings on opposite side of 
glass. Spectral radiative properties of glass. 


FIND: (a) Transmissivity of glass, (b) Glass temperature T g and total heat rate qh, (c) Effect of 
external forced convection on T g and q| v 


SCHEMATIC: 


<CAjT> 


0 ^ X 4 0.4 (jm: = 0, ot^ =1 

0.4 4 x. 4 1.6 nm: T x = 1, cc x =0 
X^1.6 urn: = 0, =0.9 


T. = 1000 K 
ec = 0.95 


H = W=2 m 



conv.o 


t —L = 0.05 m 



ASSUMPTIONS: (1) Spectral distribution of emission from ceramic approximates that of a 
blackbody, (2) Glass surface is diffuse, (3) Atmospheric air in cavity and ambient, (4) Cavity may be 
approximated as a two-surface enclosure with infinite parallel plates, (5) Glass is isothermal. 


PROPERTIES: Table A-4, air (p = 1 atm): Evaluated at T = (T c + T g )/2 and Tf = (T g +Too)/2 using 
IHT Properties Toolpad. 

ANALYSIS: (a) The total transmissivity of the glass is 

C^E lb dX 

* = -= 1 ( E A,b/E b )dA = ^ %) -^ Al) 

b A| =0.4/rm 

With A 2 T = 1600 prn-K and XiT = 400 pm-K, respectively, Table 12.1 yields ) = 0.0197 and 

F( 0 ^ A] )=0.0. Hence, 

T = 0.0197 < 

With so little transmission of radiation from the ceramic, the glass plate may be assumed to be opaque 
to a good approximation. Since more than 98% of the incident radiation is at wavelengths exceeding 

1.6 pm, for which = 0.9, a g » 0.9. Also, since T g < T c , nearly 100% of emission from the glass is 
at A, > 1.6 pm, for which £/, = (Xy, = 0.9, £ g = 0.9 and the glass may be approximated as a gray surface. 

(b) The glass temperature may be obtained from an energy balance of the form q" onv j + q^ ac ] j = 
Oconv o + 9rad o- Using Eqs. 13.24 and 13.27 to evaluate q^ ac j j and q". L(1 | Q , respectively, it follows 
that 



Continued 





PROBLEM 13.124 (Cont.) 


4 7 — — 

where, assuming 10 < Ra^ <10 , hj and h 0 are given by Eqs. 9.52 and 9.26, respectively, 


hi = iRaL /4 Pr? 012 


(H/L) 


-0.3 


h„=—■! 

H 


0.825+ - 


O^Ra 1 ^ 6 


1 +(0.492/Pro)’ 


9/16 


8/27 


3 3 

with RaL = gPi (T c - T g )L /VjtXj and Ran = g(3 0 (T g - Too) H /v o 0C o - Entering the energy balance into 
the IHT workspace and using the Correlations, Properties and Radiation Toolpads to evaluate the 
convection and radiation terms, the following result is obtained. 


T g = 825 K 

The corresponding value of q ^ is 


q h = 108 kW < 

where q con v,i = 3216 W, q rad ,i = 104.7 kW, q con vo,o = 15,190 W and q rad;0 = 92.8 kW. The 

— 2 ~ 2 

convection coefficients are hj = 4.6 W/m • K and h 0 = 7.2 W /m“ • K. 

(c) For the prescribed range of h 0 , IHT was used to generate the following results. 



Convection coefficient, ho(W/m A 2.K) 



qh 

* qconv.i 

" ■* . qrad.i 

qconv.o 
- qrad,o 


With increasing h G , the glass is cooled more effectively and T g must decrease. With decreasing T g , 

9conv,i? qrad.i and hence q d must increase. Note that radiation makes the dominant contribution to heat 
transfer across the airspace. Although q rad ,o decreases with decreasing T g , the increase in q CO nv,o 
exceeds the reduction in q rad , 0 - 




PROBLEM 13.125 


KNOWN: Conditions associated with a spherical furnace cavity. 

FIND: Cooling rate needed to maintain furnace wall at a prescribed temperature. 


SCHEMATIC: 



/(/« 


sW 


T s -SOOK 



C (cjartd N z (n) 
■p-laim ) T Z -1400K 

/i L -tr* _ L 


D=0.5w 


ASSUMPTIONS: (1) Steady-state, (2) Blackbody behavior for furnace wall, (3) N 2 is non-radiating. 

ANALYSIS: From an energy balance on a unit surface area of the furnace wall, the cooling rate per 
unit area must equal the absorbed irradiation from the gas (E g ) minus the portion of the wall’s 
emissive power absorbed by the gas 

q c = Eg — o^gEjj (T s ) 

ft rr. 4 ry.4 

q c £g ctTg otg trT,. 

Hence, for the entire furnace wall, 

q c =J ^s <7 ( £ gEg — 0J gT s j. 

The gas emissivity, £ g , follows from Table 13.4 with 

L e = 0.65D = 0.65 x 0.5 m = 0.325 m = 1.066 ft. 
p c L e =0.25 atmx 1.066 ft = 0.267 ft-atm 

and from Fig. 13.18, find £ g = £ c = 0.09. FromEq. 13.42, 
f rp \0.45 

a g =a c =C c xe c (T s ,p c L e [T s /T g ]). 

[ T s ) 

With C c = 1 from Fig. 13.19, 

a g =1(1400/50)°' 45 X£ c (500K, 0.095 ft-atm) 

where, from Fig. 13.18, 

£ c (500K, 0.095 ft - atm) = 0.067. 

Hence 

cc„ = 1(1400 /500) 0 ' 45 x 0.067 = 0.106 
and the heat rate is 

q c =^(0.5 m) 2 5.67x 10 -8 W/ m“ • K 4 0.09(1400 K) 4 -0.106(500 K) 4 


q c =15.1 kW. 


< 



PROBLEM 13.126 


KNOWN: Diameter and gas pressure, temperature and composition associated with a gas turbine 
combustion chamber. 


FIND: Net radiative heat flux between the gas and the chamber surface. 


SCHEMATIC: 



Combustion gas 
Tg -1000°C, p -latm 

P„---Pc-° 15af7Tt 


ASSUMPTIONS: (1) Steady-state conditions, (2) Blackbody behavior for chamber surface, (3) 
Remaining species are non-radiating, (4) Chamber may be approximated as an infinitely long tube. 

ANALYSIS: From Eq. 13.40 the net rate of radiation transfer to the surface is 

Onet =A s cr(£gT g —ctgT s j or Onet = 7rDcr|£gTg — CtgT s j 

with A s = 7tDL. From Table 13.4, L e = 0.95D = 0.95 x 0.4 m = 0.380 m = 1.25 ft. Hence, p w L e = 
p c L e = 0.152 atm x 1.25 ft = 0.187 atm-ft. 

Fig.13.16 (T g =1273 k), -» £ w =0.069. 

Fig.13.18 (T g =1273 k), -» £ c =0.085. 

Fig.13.20 (p w /(p c +p w ) = 0.5, L c (p w +p c ) = 0.375 ft -atm, T g > 930°c), —> A£ > 0.01. 
FromEq. 13.38, 

£g =£ w +£ c - A£ = 0.069 + 0.085-0.01 = 0.144. 

From Eq. 13.41 for the water vapor, 

«w=C w (T g /T s ) X£ w (T s ,p w L c |^T S /Tg Jj 
where from Fig. 13.16 (773 K, 0.114 ft-atm), -» £ w = 0.083, 
a w =1(1273/773)°' 45 x0.083 = 0.104. 

FromEq. 13.42, using Fig. 13.18 (773 K, 0.114 ft-atm), -» e c = 0.08, 
a c =1(1273/773)°' 45 x0.08 = 0.100. 

From Fig. 13.20, the correction factor for water vapor at carbon dioxide mixture, 

(Pw / (Pc + Pw) = 0.1, L e (p w + p c ) = 0.375, T g = 540°c), -» Act = 0.004 
and using Eq. 13.43 

a g = a w + a c - Aa = 0.104 + 0.100 - 0.004 = 0.200. 

Hence, the heat rate is 

q'net =^(0.4 m)5.67xl0“ 8 W/m 2 • K 4 0.144(l273) 4 -0.200(773) 4 =21.9 kW/m. < 



PROBLEM 13.127 

KNOWN: Pressure, temperature and composition of flue gas in a long duct of prescribed diameter. 
FIND: Net radiative flux to the duct surface. 


SCHEMATIC: 


T 

D -lm 


K 


£ 



gas 

p = latm i -1400K 

} p c ~0.05atm 


ASSUMPTIONS: (1) Steady-state conditions, (2) Duct surface behaves as a blackbody, (3) Other 
gases are non-radiating, (4) Flue may be approximated as an infinitely long tube. 

ANALYSIS: With A s = 7tDL, it follows from Eq. 13.40 that 

4net — ^Ocr|£gTg — ftgT s j 

From Table 13.4, L e = 0.95D = 0.95 x 1 m = 0.95 m = 3.12 ft. Hence 
p w L e =0.12 atmx3.12 m = 0.312 atm-ft 
p c L e = 0.05 atmx3.12 m = 0.156 atm-ft. 

With T g = 1400 K, Fig. 13.16 -> e w = 0.083; Fig. 13.18 e c = 0.072. With p w /(p c + p w ) = 0.67, 
L e (p w +p c ) = 0.468 atm-ft, T g > 930°C, Fig. 13.20 -> Ae = 0.01. Hence from Eq. 13.38, 

£ g = £ w + £ c - Ae = 0.083 + 0.072 - 0.01 = 0.145. 

FromEq. 13.41, 

«w=C w (T g /T s ) X£ w ^T s ,p w L e |^T S /Tg J j 

a w = 1(1400/400) 0 ' 45 X£ w Fig. 13.16 —> £ w (400 K, 0.0891 atm-ft) = 0.1 
a w =0.176. 

FromEq. 13.42, 

«c=C c (T g /T s ) X£ c (T s , p c L e T s /T g ) 

a c =1(1400/400)°- 45 X£ c Fig. 13.18 -» £ c (400 K, 0.0891 atm-ft) = 0.053 
a c = 0.093. 

With p w /(p c + p w ) - 0.67, L e (p w + p c ) = 0.468 atm-ft, T g = 125°C, Fig. 13.20 gives 
Aa ~ 0.003. 

Hence from Eq. 13.43, 

a g = a w + a c - Act = 0.176 + 0.093 - 0.003 = 0.266. 


The heat rate per unit length is 

q' net =n(\ m)5.67xl0“ 8 W/m 2 K 4 


0.145(1400 K) 4 


-0.266(400 K) 4 


9net = 98 kW/m. 


< 



PROBLEM 13.128 


KNOWN: Gas mixture of prescribed temperature, pressure and composition between large parallel 
plates of prescribed separation. 


FIND: Net radiation flux to the plates. 


SCHEMATIC: 


L= 0.75m 


k 



-Gras mixture 
p-2.atm ) ~I^f-I300K 

Pc-?v* Mafm 


ASSUMPTIONS: (1) Steady-state conditions, (2) Furnace wall behaves as a blackbody, (3) O 2 and 
N 2 are non-radiating, (4) Negligible end effects. 

ANALYSIS: The net radiative flux to a plate is 
4s,1 = G s — E s = CgOTg — (l — )<tT s 

where G s =£g(jTg + TgE s , E s = crT 4 and Tg =l-ctg(T s ). FromTable 13.4,L e = 1.8L= 1.8 x 

0.75 m = 1.35 m = 4.43 ft. Hence p w L e = p c L e = 1.33 atm-ft. From Figs. 3.16 and 3.18 find £ w ~ 0.22 
and £ c ~ 0.16 for p = 1 atm. With (p w + p)/2 =1.15 atm. Fig. 13.17 yields C w » 1.40 and from Fig. 
13.19, C c » 1.08. Hence, the gas emissivities are 

£ w = C w £ w (l atm) » 1.40x0.22 = 0.31 £ c = C c £ c (l atm) » 1.08x0.16 = 0.17. 

From Fig. 13.20 with p w /(p c + p w ) = 0.5, L e (p c + p w ) = 2.66 atm-ft and T g > 930°C, Ae « 0.047. 
Hence, from Eq. 13.38, 

£ g = £ w + £ c - A£ » 0.31 + 0.17 - 0.047 » 0.43. 

To evaluate a g at T s , use Eq. 13.43 with 

«w =C W (T g /T s )°' 45 £ w (t s , Pw L 2 T s / Tg ) = C w (1300/500) 0 45 £ w (500, 0.51) 
a w a 1.40(1300/500) 0 - 45 0.22 = 0.47 

a c = C c (1300/ 500) 0 ' 45 £ c (500, 0.51) «l .08 (1300/ 500) 0 ' 45 0.11 = 0.18. 

From Fig. 13.20, with T g « 125°C and L e (p w + p c ) = 2.66 atm-ft, Aa = Ae « 0.024. Hence 
a„ =a w +a c -Act = 0.47 + 0.18-0.024 = 0.63 and r g = l-a g « 0.37. 

Hence, the heat flux from Eq. (1) is 

q '1 = 0.43x 5.67 x 10“ 8 W / m 2 • K 4 (1300 K) 4 - 0.63x5.67 X 10“ 8 W / m 2 • K 4 (500 K) 4 
q ',1 =67.4 kW/m 2 . 

„ 2 

The net radiative flux to both plates is then q s 2 ~ 134.8 kW / m“. 


< 



PROBLEM 13.129 


KNOWN: Flow rate, temperature, pressure and composition of exhaust gas in pipe of prescribed 
diameter. Velocity and temperature of external coolant. 

FIND: Pipe wall temperature and heat flux. 


SCHEMATIC: 


Combustion products 
p=latm 
Pco£ Ph z 0~O-1 
7 ? = ~Kn=2°00K 
m = 0.2S kg/s 




\ \Naterf ) 
V= 0.3777/s 

Too^OOK 


ASSUMPTIONS: (1) L/D » 1 (infinitely long pipe), (2) Negligible axial gradient for gas 
temperature, (3) Gas is in fully developed flow, (4) Gas thermophysical properties are those of air, (5) 
Negligible pipe wall thermal resistance, (6) Negligible pipe wall emission. 

PROPERTIES: Table A-4 : Air (T m = 2000 K, 1 atm): p = 0.174 kg/m 3 , Li = 689 x 10 7 kg/m-s, k = 
0.137 W/m-K, Pr - 0.672; Table A-6 : Water (T* - 300 K): p = 997 kg/m 3 , p = 855 x 10' 6 kg/s-m, k 
= 0.613 W/m-K, Pr = 5.83. 

ANALYSIS: Performing an energy balance for a control surface about the pipe wall, 

Or+Ocd =qc,o 

*g"T g + hj (T m — T s ) — h 0 (T s — Too ) 

The gas emissivity is 

£g £\y £ c A£ 

where 

L e = 0.95D = 0.238 m = 0.799 ft 

p c L e =p w L e =0.1 atmx0.238 m = 0.0238 atm-m = 0.0779 atm-ft 


and from Fig. 13.16 -> e w » 0.017; Fig. 13.18 -» e c » 0.031; Fig. 13.20 -» Ae » 0.001. Hence e g = 
0.047. Estimating the internal flow convection coefficient, find 


Re D = 


4 m 
nDp 


4x0.25 kg/s 

7t( 0.25 m)689xl0 7 kg/m s 


18,480 


and for turbulent flow, 


Nu d = 0.023ReD /5 Pr 0 - 3 =0.023(18,480) 40 (0.672) U J =52.9 


4/5 


\0.3 


k 0.137 W/m-K 7 

h; =Nu n —= 52.9-= 29.0 W/nT-K. 

D 0.25 m 


Continued 




PROBLEM 13.129 (Cont.) 

Estimating the external convection coefficient, find 

pVD 997 kg/m 3 x0.3 m/sx0.25 m 
Rep =-=---= 87,456. 

M 855xlO -6 kg/s-m 

Hence 

Nu d =0.26 ReD 6 Pr 037 (Pr/Pr s ) 1/4 . 

Assuming Pr/Pr s ~ 1, 

Nu d = 0.26(87,456) 0 ' 6 (5.83) 0 ' 37 =461 

h Q =Nu d (k/D) = 461(0.613 W/m K/0.25 m) = 1129 W/m 2 • K. 

Substituting numerical values in the energy balance, find 

0.047 x5.67 x 10“ 8 W / m 2 • K 4 (2000 K) 4 + 29 W / m 2 • K (2000 - T s ) K 
= 1129 W /m 2 • K(T S -300)K 

T s = 380 K. < 

The heat flux due to convection is 

q' i = h i (T m -T s ) = 29 W/m 2 • K(2000-379.4)K = 46,997 W/m 2 
and the total heat flux is 

q' =qr+qc,i =42,638 + 46,997 = 89,640 W/m 2 . < 

COMMENTS: Contributions of gas radiation and convection to the wall heat flux are approximately 
the same. Small value of T s justifies neglecting emission from the pipe wall to the gas. Pr s = 1.62 for 
T s = 380 —> (Pr/Pr s )l/4 = 1.38. Hence the value of h 0 should be corrected. The value would T, and 
T s would -i. 



PROBLEM 13.130 


KNOWN: Flowrate, composition and temperature of flue gas passing through inner tube of an 
annular waste heat boiler. Boiler dimensions. Steam pressure. 

FIND: Rate at which saturated liquid can be converted to saturated vapor, m s . 



ASSUMPTIONS: (1) Inner wall is thin and steam side convection coefficient is very large; hence T s 
= T sat (2.455 bar), (2) For calculation of gas radiation, inner tube is assumed infinitely long and gas is 
approximated as isothermal at T g . 

PROPERTIES: Flue gas (given): p = 530 x 10~ 7 kg/s m, k = 0.091 W/m-K, Pr = 0.70; Table A-6, 
Saturated water (2.455 bar): T s = 400 K, h fg = 2183 kJ/kg. 

ANALYSIS: The steam generation rate is 
m s = q / hfg = (q conv + q rac | ) / hfg 

where 

Orad =J ^s <7 ( £ g^g ~ j 

with 

£ g = £ w + £ c “ Ae a g = a w + a c ~ Act- 

From Table 13.4, find L e = 0.95D = 0.95 m = 3.117 ft. Hence 
p w L e = 0.2 atmx3.117 ft = 0.623 ft -atm 
p c L e =0.1 atmx3.117 ft = 0.312 ft-atm. 

From Fig. 13.16, find £ w = 0.13 and Fig. 13.18 find £ c = 0.095. With p w /(p c + p w ) = 0.67 and L e (p w + 
p c ) = 0.935 ft-atm, from Fig. 13.20 find Ae « 0.036 « Aa. Hence £ g « 0.13 + 0.095 - 0.036 = 0.189. 
Also, with p w L e (T s /T g ) = 0.2 atm x 0.95 m(400/1400) = 0.178 ft-atm and T s = 400 K, Fig. 13.16 
yields £ w » 0.14. With p c L e (T s /T g ) = 0.1 atm x 0.95 m(400/1400) = 0.089 ft-atm and T s = 400 K, Fig. 
13.18 yields £ c « 0.067. Hence 

ff w = (Tg / T s ) £ w (T s , p w L e T s / Tg ^ 

a w =(l400/400) 0 ' 45 0.14 = 0.246 

and 

a c = ( T g /T s) £ c (T s , Pc^eTs / Tg J 

Continued. 




PROBLEM 13.130 (Cont.) 


a c = (1400/400) 0 ' 65 0.067 = 0.151 
a g =0.246 + 0.151-0.036 = 0.361. 


Hence 


q ra d =k{\ m)7 mx5.67x10 


! W/m 2 -K 4 


0.189(1400 K) 4 -0.361(400 K) 4 


q rad =(905.3-U.5)kW = 893.8 kW. 
For convection, 

Oconv = h^DL^Tg — T s ) 


with 


Re D - 


4m 

nDii 


4x2 kg/s 

_7 

7rxl mx530xl0 kg/s-m 


48,047 


and assuming fully developed turbulent flow throughout the tube, the Dittus-Boelter correlation gives 


Nu d = 0.023 ReJ/ 5 Pr 03 =0.023 (48,047 ) 4/5 (0.70)°' 3 =115 
h = (k/D)Nu D =(0.091 W/m-K/1 m)ll5 = 10.5 W/m 2 K. 


Hence 


Oconv = 10 - 5 W/m 2 • K7T (l m)7 m(1400-400)K = 230.1 kW 

and the vapor production rate is 

q (893.8+ 230.l)kW 1123.9 kW 

m<, =-=-=- 

h fa 2183 kJ/kg 2183 kJ/kg 


m s = 0.515 kg/s. < 

COMMENTS: (1) Heat transfer is dominated by radiation, which is typical of heat recovery devices 
having a large gas volume. 

(2) A more detailed analysis would account for radiation exchange involving the ends (upstream and 
downstream) of the inner tube. 

(3) Using a representative specific heat of c p = 1.2 kJ/kg-K, the temperature drop of the gas passing 
through the tube would be AT g = 1123.9 kW/(2 kg/s x 1.2 kJ/kg-K) = 468 K. 



PROBLEM 13.131 


KNOWN: Wet newsprint moving through a drying oven. 

FIND: Required evaporation rate, air velocity and oven temperature. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) Negligible freestream turbulence, (3) Heat and 
mass transfer analogy applicable, (4) Oven and newsprint surfaces are diffuse gray, (5) Oven end 
effects negligible. 

PROPERTIES: Table A-6, Water vapor (300 K, 1 atm): p sat = l/v g = 0.0256 kg/m 3 , h fg = 2438 
kJ/kg; Table A-4, Air (300 K, 1 atm): T[ = 15.89 x 10' 6 m 2 /s; Table A-8, Water vapor-air (300 K, 1 
atm): D AB = 0.26 x 10~ 4 m 2 /s, S c = r|/D A B = 0.611. 

ANALYSIS: The evaporation rate required to completely dry the newsprint having a water content 
„ 2 

of m A = 0.02 kg/nC as it enters the oven (x = L) follows from a species balance on the newsprint. 


^A,in ^A.out M st 

m l -m 0 -m a , s =0. 

The rate at which moisture enters in the newsprint is 
M L = m A VW 

hence, 







N\ l 


M a>s = m A VW = 0.02kg/m“ x 0.2m/sxl m = 4x!0 3 kg/s. < 

The required velocity of the airstream through the oven, Uoo, can be determined from a convection 
analysis. From the rate equation, 

M A ,s = hm WL (p A s — p A oo ) = h m WLp A sat (l — (f)^ ) 

~~ ^A,s / ^^PA,sat — ) 

h m =4xl0“ 3 kg/s/l mx20 mx0.0256 kg/m 3 (1-0.2) = 9.77xl0“ 3 m/s. 

Now determine what flow velocity is required to produce such a coefficient. Assume flow over a flat 
plate with 

Sh L =h m L/D AB = 9.77x 10 -3 m/sx20 m/0.26xl0“ 4 m 2 /s = 7515 


Continued 






PROBLEM 13.131 (Cont.) 

and 

r _ -.2 r -|2 

Re L = Sh L /0.664Sc 1/3 = 7515/0.664(0.61l) 1/3 =1.78xl0 8 

Since ReL > Rep c = 5 X I 0 , the flow must be turbulent. Using the correlation for mixed laminar and 
turbulent flow conditions, find 

ReL /5 = Sh L /Sc 1/3 +871 /0.037 
ReL /5 = 7515/(0.611) 1/3 +871 /0.037 
Re L = 5.95xl0 6 


jJj 

noting ReL > ReLc- Recognize that u^ is the velocity relative to the newsprint, 

ul = Re L v/L = 5.95xl0 6 xl5.89xl0“ 6 m 2 /s/20m = 4.73 m/s. 

The air velocity relative to the oven will be, 

Uoo =ul-V = (4.73-0.2)m/s = 4.53 m/s. < 

The temperature required of the oven surface follows 
from an energy balance on the newsprint. Find 

^in ~ ^-out = 0 

4 rad — c lcvap — 0 



where 

4eva P =M A ,s h fa = 4.0xl0“ 3 kg/sx2438xl0 3 J/kg = 9752 W 

and the radiation exchange is that for a two surface enclosure, Eq. 13.23, 

a(T, 4 -T 2 4 ) 

qrad ” (l-£i)/£iA! +1/ Afl 2 + (l-£ 2 )/£ 2 A 2 ' 

Evaluate, 

A 1= ^/2WL, A 2 =WL, Fji =1, and A^ = A 2 % = WL 

hence, with £i = 0.8, 

q r ad=fTWL(T 1 4 -T 2 4 )/[(l/2^) + l] 

Ti 4 =T 2 4 +q rad [(l/2ff) + l]/<rWL 

T 4 =(300 K) 4 +9752 W[(l/2;r + l)]/5.67xl0“ 8 W/m 2 -K 4 xl mx20 m 

Tj = 367 K. < 


COMMENTS: Note that there is no convection heat transfer since Too = T s = 300 K. 





PROBLEM 13.132 

KNOWN: Configuration of grain dryer. Emissivities of grain bed and heater surface. Temperature 
of grain. 

FIND: (a)Temperature of heater required for specified drying rate, (b) Convection mass transfer 
coefficient required to sustain evaporation, (c) Validity of assuming negligible convection heat 
transfer. 



0.9 


ASSUMPTIONS: (1) Diffuse/gray surfaces, (2) Oven wall is a reradiating surface, (3) Negligible 
convection heat transfer, (4) Applicability of heat/mass transfer analogy, (5) Air is dry. 

PROPERTIES: Table A-6, saturated water (T = 330 K): v g = 8.82 m 3 /kg, h fg = 2.366 x 10 6 J/kg. 
Table A-4, air (assume T - 300 K): p = 1.614 kg/m 3 , c p = 1007 J/kg-K, a = 22.5 x 10~ 6 m 2 /s. Table 
A-8, H 2 0(v) - air (T = 298 K): D AB = 0.26 x 10" 4 m 2 /s. 

ANALYSIS: (a) Neglecting convection, the energy required for evaporation must be supplied by net 
radiation transfer from the heater plate to the grain bed. Hence, 

4rad = m evap h fg = (2.5 kg/h• m)(2.366xl0 6 J/kg)/3600s/h = 1643 W/m 


where q' m d is given by Eq. 13.30. With A p = A'„ = A' 


c l rad 


A ( E bp _E bg) 


l-£c 


l-£ r 


£p Fpg+[(l'FpR) + (l'FgR)r 
where A" = R = 1 m, F pg = 0 and F pB - F gB = 1. Hence, 

^(t 4 -320 4 ) 

V =2.40x 10“ 8 (T 4 -320 4 1 = 1643 W/m 


9rad — 


0.25 + 2 + 0.111 


2.40x10 8 T 4 -2518 = 1643 


T p = 530 K 


< 


(b) The evaporation rate is given by Eq. 6.12, and with A^ = 1 m, n A = iii^ va p, and p A o o = 0, 


Continued 






PROBLEM 13.132 (Cont.) 


n» n A v g 2.5kg/h-m 1 m -t. 

h m = , A =-e- =- 5 -x-X8.82-= 6.13x10 3 m/s 

A s p A s A s lm 3600 s kg 


(c) From the heat and mass transfer analogy, Eq. 6.92, 

9 I'x 

h = h mP c p Le 

where Le = OC/Dab = 22.5/26.0 = 0.865. Hence 


h = 6.13x10 3 m/s(l.l61kg/m 3 )l007 J/kg K(0.865) 2/3 =6.5 W/m 2 K. 


The corresponding convection heat transfer rate is 

9conv = hA'(T g -T 00 ) = 6.5W/m 2 -K(l m)(330-300)K = 195W/m 
Since q^. onv « qj.. l(1 |, the assumption of negligible convection heat transfer is reasonable. 


< 



PROBLEM 13.133 


KNOWN: Diameters of coaxial cylindrical drum and heater. Heater emissivity. Temperature and 
emissivity of pellets covering bottom half of drum. Convection mass transfer coefficient associated 
with flow of dry air over the pellets. 

FIND: (a) Evaporation rate per unit length of drum, (b) Surface temperatures of heater and top half 
of drum. 

SCHEMATIC: 


Drum, T d 
D d = 1.0 m 



Heater, T h 

D h = 0.10 m, s h = 0.8 

Pellets, p A ,sat 
T p = 325 K, £ p = 0.95 
h m = 0.024 m/s 


ASSUMPTIONS: (1) Steady-state, (2) Negligible heat transfer from ends of drum, (3) Diffuse-gray 
surface behavior, (4) Negligible heat loss from the drum to the surroundings, (5) Negligible 
convection heat transfer from interior surfaces of the drum, (6) Pellet surface area corresponds to that 
of bottom half of drum. 


PROPERTIES Table A-6 , sat. water (T = 325 K): p A sat = v g 1 = 0.0904 kg/m 3 , h fg = 2378 kJ/kg. 


ANALYSIS: (a) The evaporation rate is 


n A — V Dd / 2) 


PA.sat 


( T P) PA.c 


n'^ =0.024 m/s(/rxlm/2)x0.0904 kg/nr* =0.00341 kg/s-m 


< 


(b) From an energy balance on the surface of the pellets, 

Op = Oevap = n A hfg = 0.00341 kg/s mx2.378xl0 6 J/kg = 8109 W/m < 


where q^ may be determined from analysis of radiation transfer in a three surface enclosure. Since 

the top half of the enclosure may be treated as reradiating, net radiation transfer to the pellets may be 
obtained from Eq. 13.30, which takes the form 


q P 


E bh _F bp 


l-£ h 


—a' + - 

h h Xj,r^p +[(i/a'j, r^ d )+(i/ApFp d ) 


- + 


1 £p 

£p Ap 


where F^p = F^d = 0.5, = 71 and Ap = K Dd / 2. 


The view factor Fpd may be obtained from the summation rule, 
F pd =1 - F ph- F pp 


Continued 




PROBLEM 13.133 (Cont.) 

where Fp d = A d F^p / Ap = ('jl D d x0.5)/ ( 71 D d /2) = 0.10 and 

onl/2 


• —1, 


Fp p =1 — (2/7r)-j l-(0.1f + 0.1 sin -1 (0.1)^ = 0.360 


Hence, F pd = 1 - 0.10 - 0.360 = 0.540, and the expression for the heat rate yields 

Euu -0-1325 Kl 4 

8109 W/m = 


0.25 
TrxO.lm 


- + - 


1 


- + - 


0.053 


K \ 0.1mx0.5 + 


(0.1mx0.5) 1 + (0.5mx0.54) 


-1 


n-1 7rx0.5m 


E bh =crT 4 =35,359 W/m 2 


T h = 889 K < 

Applying Eq. (13.19) to surfaces h and p, 

J h = E bh -9h (! - e h )■I £ h A h = 35,359 W / m 2 - 6,453 W / m 2 = 28,906 W / m 2 
J p = E b p +qp (l-e p )/£ p AJ, =633 W / m 2 + 272 W/m 2 =905 W/m 2 
Hence, from 

J h~ J d J d~ J p _ Q 

( A h Fhd) (Aj, Fp d ) 

28,906 W/m 2 -J d _ J d -905 W/m 2 _ Q 
(7rx0.1mx0.5) -1 (^x0.5mx0.54) _1 

J d =oT 4 =24,530 W/m 2 

T d =811 K < 


COMMENTS: The required value of could be reduced by increasing D^, although care must be 
taken to prevent contact of the plastic with the heater. 



PROBLEM 14.1 


KNOWN: Mixture of CL and N 2 with partial pressures in the ratio 0.21 to 0.79. 
FIND: Mass fraction of each species in the mixture. 

SCHEMATIC: 



P0 2 _ 0.21 
PN2 °- 79 

m Qt =32 kg/kmol 
=28 kg/kmol 


ASSUMPTIONS: (1) Perfect gas behavior. 
ANALYSIS: From the definition of the mass fraction, 

mi= Pi = _PL 
P £pi 

Hence, with 


Pi _ Pi _ MjPj 
RiT (9 ?/Mj)T 9TT ' 


Hence 


Mjpj/iRT 


m; = 


1 EMiPi/^T 

or, cancelling terms and dividing numerator and denominator by the total pressure p, 


m; 


MiL 


Em jXj 
With the mole fractions as 

x cu = pcl /p=- 


0.21 


2 2 * 0.21+0.79 

X N 2 =PN 2 /P =0.79, 

find the mass fractions as 

32x0.21 


= 0.21 


m o 


2 32x0.21 + 28x0.79 


= 0.233 


m No =l-mQ 0 =0.767. 


< 




PROBLEM 14.2 


KNOWN: Partial pressures and temperature for a mixture of CCU and N 2 . 

FIND: Molar concentration, mass density, mole fraction and mass fraction of each species. 

SCHEMATIC: 



A —>C02,m a =44 kg/kmol 
B —> N 2 ,Mg =28 kg/kmol 


ASSUMPTIONS: (1) Perfect gas behavior. 
ANALYSIS: From the equation of state for an ideal gas, 

r- - Pi 
1 91T 


Hence, with p A = p B , 


c A =c B = 


8.314xl(T 2 m 3 


C A =C B =0.040 kmol/m 3 . 


lbar 

■ bar/kmol ■ K x 2 9 8 K 


With pj = M jCj, it follows that 

p A = 44 kg/kmolx0.04 kmol/m 3 =1.78kg/m 3 

p B = 28 kg/kmolx0.04 kmol/m 3 = 1.13 kg/m 3 . 
Also, with 

*i =Ci/TiCi 

find 

x A = x B = 0.04/0.08 = 0.5 

and with 

m i = Pi/Epi 

find 


< 

< 

< 


< 


< 


m A =1.78/(1.78 +1.13) =0.61 
m B =1.13/(1.78 + 1.13) = 0.39. 


< 



PROBLEM 14.3 


KNOWN: Mole fraction (or mass fraction) and molecular weight of each species in a mixture of n 
species. Equal mole fractions (or mass fractions) of O 2 , N 2 and CO 2 in a mixture. 

FIND: 

SCHEMATIC: 



ASSUMPTIONS: (1) Perfect gas behavior. 
ANALYSIS: (a) With 

m ._Pi_ Pi _ Pi /R i T _ PiMi/9tT 

nii — — 


1 P Lpi LPi/RiT EpiMi/^T 


and dividing numerator and denominator by the total pressure p, 
m; 


Mi x i 


L M i x i 


Similarly, 


x . Pi PjRjT (pj/MjJaT 

x ‘ Eh EPi R i T E(Pi /M i) 9tT 


or, dividing numerator and denominator by the total density p 
_ m i /M i 


L m i /M i 


(b) With 


m Ot x Oo + m Nt x No +m cOt x COo =32x0.333 + 28x0.33 + 44x0.333 = 34.6 
mo 2 =0.31, m No =0.27, m C02 = 0 -42. < 


With 

m 0 0 / M Oo + m No / M No + m COT/M C OT =0-333/32+0.333/28+0.333/44 
mo 2 = 2.987 xlO -2 

find 

xq 2 =0.35, xn 0 =0.40, x^o 2 =0.25. < 



PROBLEM 14.4 

KNOWN: Temperature of atmospheric air and water. Percentage by volume of oxygen in the air. 


FIND: (a) Mole and mass fractions of water at the air and water sides of the interface, (b) Mole and 
mass fractions of oxygen in the air and water. 


SCHEMATIC: 


x C>2,air 


6a>> p = 1 atm 
' T = 17°C 


I Water (liquid) 

Xo 2 ,liq T = 1 7°C 


ASSUMPTIONS: (1) Perfect gas behavior for air and water vapor, (2) Thermodynamic equilibrium 
at liquid/vapor interface, (3) Dilute concentration of oxygen and other gases in water, (4) Molecular 
weight of air is independent of vapor concentration. 

PROPERTI E S: Table A-6, Saturated water (T = 290 K): p vap = 0.01917 bars. Table A-9, 02 /water, 
H = 37,600 bars. 

ANALYSIS: (a) Assuming ideal gas behavior, p w , va p = (N W;Va p/V) *T and p = (N/V) *T, in which 
case 

x w,vap = (Pw,vap ^Pair) = (0.01917/1.0133) = 0.0194 < 

With m w vap = (p w ,vap/Pair) = (C w ,vapM W /Cair M a j r ) = .V w ,vap (M W /M a j r ). Hence, 

rn W;Vap = 0.0194 (18/29) = 0.0120 < 

Assuming negligible gas phase concentrations in the liquid, 

x w,liq = m w,liq = 1 ^ 

(b) Since the partial volume of a gaseous species is proportional to the number of moles of the 
species, its mole fraction is equivalent to its volume fraction. Hence on the air side of the interface 

x O2.air =0 ' 205 < 

m 0 2 ,air =x 0 2 .ai, ( M 0 2 /M air ) = 0.205(32/29) = 0,226 < 

The mole fraction of CU in the water is 

xq 0 Hq =POo air /H = 0.208 bars/37,600 bars = 5.53xl0 -6 < 

where Pq 0 = Xq 0 p atm = 0.205 x 1.0133 bars = 0.208 bars. The mass fraction of C^in the 
water is 

m °2.1,q = x 0 2 .„ q (Mo 2 /M w ) = 5.53xlO^(32/18) = 9.83xlO- 6 < 

COMMENTS: There is a large discontinuity in the oxygen content between the air and water sides 
of the interface. Despite the low concentration of oxygen in the water, it is sufficient to support the 
life of aquatic organisms. 



PROBLEM 14.5 


KNOWN: Air is enclosed at uniform pressure in a vertical, cylindrical container whose top and 
bottom surfaces are maintained at different temperatures. 

FIND: (a) Conditions in air when bottom surface is colder than top surface, (b) Conditions when 
bottom surface is hotter than top surface. 

SCHEMATIC: 



ASSUMPTIONS: (1) Uniform pressure, (2) Perfect gas behavior. 

ANALYSIS: (a) If Tj > T 2 , the axial temperature gradient (dT/dx) will result in an axial density 
gradient. However, since dp/dx < 0 there will be no buoyancy driven, convective motion of the 
mixture. 

There will also be axial species density gradients, dpo 0 /dx and dpjq 2 /dx. However, there is no 

gradient associated with the mass fractions (dniQ^ /dx = 0, dm Ni /dx =C)j. Hence, from Fields 
law, Eq. 14.1, there is no mass transfer by diffusion. 

(b) If T| < T 2 , dp /dx > 0 and there will be a buoyancy driven, convective motion of the mixture. 
However, dniQ^ /dx = 0 and dm^ ^ /dx = 0, and there is still no mass transfer. Hence, although 

there is motion of each species with the convective motion of the mixture, there is no relative motion 
between species. 

COMMENTS: The commonly used special case of Fick’s law, 

j A = -Dab ^ 

dx 

would be inappropriate for this problem since p is not uniform. If applied, this special case indicates 
that mass transfer would occur, thereby providing an incorrect result. 



PROBLEM 14.6 


KNOWN: Pressure and temperature of hydrogen stored in a spherical steel tank of prescribed 
diameter and thickness. 

FIND: (a) Initial rate of hydrogen mass loss from the tank, (b) Initial rate of pressure drop in the tank. 


SCHEMATIC: 


D -100 mm 
Q-lJSkmol/m* 

C A,Z. =( 



fiissr m 

T= 300 K 

- Steel (£) 

■D^g- 0.2x10 12 'm z js 

hZmm W^Zkg/kmol 


ASSUMPTIONS: (1) One-dimensional species diffusion in a stationary medium, (2) Uniform total 
molar concentration, C, (3) No chemical reactions. 

ANALYSIS: (a) From Table 14.1 


N A 


,r 


n a 


,r 


Ca,o Ca,l __ Ca,q _ 

R m,dif _ (l/47tD AB )(l/r. -l/r 0 ) 

4tc (o.3x 10 -12 m 2 / sjl.5 kmol/m 3 

I _ L _ = 7 isxio -12 

(1/0.05 m-l/0.052 m) 


kmol/s 


or 


n A, r = M A^A,r = 2 kg/kmolx7.35xl0 ^kmol/s =14.7x10 ^kg/s. < 

(b) Applying a species balance to a control volume about the hydrogen, 

= — ^A,out = _n A,r 

_ d(PA v ) _7tD 3 dp A _ 7tD 3 dpA_7tD 3 M A dpA 
dt 6 dt _ 6R a T dt ~~ 69tT dt 

Hence 


^A,st 

^A,st 


d PA _ 
dt 


691T 

-3- n A,r = 

7tD~M A 


'(o- 


6 0.08314 nr ■ bar/kmol ■ K 


)(300 K) 


7t (o . 1 m 3 j 2 kg/kmol 


x!4.7xl0 _12 kg/s 


=-3.50xl0 -7 bar/s. < 

dt 

COMMENTS: If the spherical shell is appoximated as a plane wall, N ax = Dab(Ca o ) 7tD”/L = 7.07 
-12 

x 10 kmol/s. This result is 4% lower than that associated with the spherical shell calculation. 



PROBLEM 14.7 


KNOWN: Molar concentrations of helium at the inner and outer surfaces of a plastic membrane. 
Diffusion coefficient and membrane thickness. 

FIND: Molar diffusion flux. 

SCHEMATIC: 


L- 0.001m 


Ca,2 “ 0.0Z kmoljmZ 



Ajheliu ™)\ D - W - 9 m z/ s 
3 (piss fic)j ® 

C/\ 2.-0.OOSkmol/m^ 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional diffusion in a plane wall, (3) 
Stationary medium, (4) Uniform C = Ca + Cb- 

ANALYSIS: The molar flux may be obtained from Eq. 14.50, 


Na,x=-^ E -(Ca,1-C a ,2) = 
Na,x = 1-5x10 ^kmol/s-m^. 


10~ 9 m 2 /s 

0.001m 


(0.02 -0.005)kmol/m 3 


< 


COMMENTS: The mass flux is 


n A,x =m A^A,x = 4 kg/kmolxl.5xl0 ^kmol/s =6xl0~^ kg/s ■nU. 



PROBLEM 14.8 


KNOWN: Mass diffusion coefficients of two binary mixtures at a given temperature, 298 K. 
FIND: Mass diffusion coefficients at a different temperature, T = 350 K. 

ASSUMPTIONS: (a) Ideal gas behavior, (b) Mixtures at 1 atm total pressure. 

PROPERTIES: Table A-8, Ammonia-air binary mixture (298 K), Dab = 0.28 x 10 4 m~/s; 

-4 ? 

Hydrogen-air binary mixture (298 K), Dab = 0-41 X 10 m /s. 

ANALYSIS: According to treatment of Section 14.1.5, assuming ideal gas behavior, 

n ry3/2 
d AB ~ T 

where T is in kelvin units. It follows then, that for 

NH 3 - Air: D AB (350 K) = 0.28xl0 _4 m 2 /s(350 K/2 9 8 K) 372 

Dab (350 K) = 0.36xl0 _4 m 2 /s < 

H 2 - Air: (350 K) = 0.41xl0 _4 m 2 /s(350/298) 3/2 

Dab (350 K) = 0.52xl0 _4 m 2 /s < 

COMMENTS: Since the H 2 molecule is smaller than the NH 3 molecule, it follows that 

D H 2 -Air >D NH 3 _ Air 

as indeed the numerical data indicate. 



PROBLEM 14.9 


KNOWN: The inner and outer surfaces of an iron cylinder of 100-mm length are exposed to a 
carburizing gas (mixtures of CO and CO 2 ). Observed experimental data on the variation of the carbon 
composition (weight carbon, %) in the iron at 1000°C as a function of radius. Carbon flow rate under 
steady-state conditions. 

FIND: (a) Beginning with Fick’s law, show that d p c / d((n M) is a constant if the diffusion 

coefficient, D(-_p e . is a constant; sketch of the carbon mass density, p c (r), as function of ln(r) for such 
a diffusion process; (b) Create a graph for the experimental data and determine whether Dc-Fe for this 
diffusion process is constant, increases or decreases with increasing mass density; and (c) Using the 
experimental data, calculate and tabulate D( _F e for selected carbon compositions over the range of the 
experiment. 

SCHEMATIC: 




Iron cylinder, 1000°C 
p c (r), L = 100 mm 

^ Carbon flow rate 
3.6x10" 3 kg in 100 h 

H = 4.30 mm 
r 0 = 5.70 mm 


PROPERTI E S: Iron (1000°C). p = 7730 kg/m\Experimental observations of carbon composition 

r (mm) 4.49 4.66 4.79 4.91 5.16 5.27 5.40 5.53 

Wt.C(%) 1.42 1.32 1.20 1.09 0.82 0.65 0.46 0.28 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial diffusion in a stationary 
medium, and (3) Uniform total concentration. 

ANALYSIS: (a) For the one-dimensional, radial (cylindrical) coordinate system, Fick’s law is 


iA = ~ D AB A r 


d P A 
dr 


( 1 ) 


where A r = 27trL. For steady-state conditions, j a is constant, and if Dab is constant, the product 


r d PA 

dr 


= Ci 


( 2 ) 


must be a constant. Using the differential relation dr/r = d (In r), it follows that 


d ^A =c 
d(lnr) 1 


( 3 ) 


so that on a ln(r) plot. Pa is a straight line. See the graph below for this behavior. 


Continued 




PROBLEM 14.9 (Cont.) 


(b) To determine whether Dc-F e is a constant for the experimental diffusion process, the data are 
represented on a ln(r) coordinate. 


Wt. carbon distribution - experimental observations 



In (r, mm) 


Since the plot is not linear, D( _p e is not a constant. From the treatment of part (a), if Dab is not a 
constant, then 


d ab 


dpA 

d(ln r) 


: C 2 


must be constant. We conclude that Dc-Fe will he lower at the radial position where the gradient is 
higher. Hence, we expect Dc-Fe to increase with increasing carbon content. 

(c) From a plot of Wt - %C vs. r (not shown), the mass fraction gradient is determined at three 
locations and Fick’s law is used to calculate the diffusion coefficient, 


jc — P 'Ar'Dc_p e 


A (Wt - % C) 
Ar 


where the mass flow rate is 

j c =3.6xl0 -3 kg/lOOh (3600s/h) = lx 1(T 8 kg/s 

3 

and p = 7730 kg/m , density of iron. The results of this analysis yield, 


Wt - C (%) 

r (mm) 

A Wt-C/Ar (%/mm) 

Dc-Fe x 10 U (m 2 /s) 

1.32 

4.66 

-0.679 

6.51 

0.955 

5.04 

-1.08 

3.79 

0.37 

5.47 

-1.385 

2.72 






















PROBLEM 14.10 

KNOWN: Three-dimensional diffusion of species A in a stationary medium with chemical reactions. 
FIND: Derive molar form of diffusion equation. 

SCHEMATIC: 



ASSUMPTIONS: (1) Uniform total molar concentration, (2) Stationary medium. 

ANALYSIS: The derivation parallels that of Section 14.2.2, except that Eq. 14.33 is applied on a 
molar basis. That is, 

^A,x +Naj +Na,z + ^A,g _ NA )X +dx ~ -^A,y+dy ~ -^A,z+dz = -^A,st- 

With 

3n Ax 

^A,x+dx = Na,x dx, ^A,y+dy = •••• 

N A .x=-DAB(dydz)-^. N A-y =..„ 

N A ,g = N A (dxdydz), N A ,st =-^-dxdydz 

It follows that 


d_ 

3x 


dx J dy 


Dab 


dy I dz 


+ ^r d ab 


< 


COMMENTS: If Dab is constant, the foregoing result reduces to Eq. 14.38b. 




PROBLEM 14.11 

KNOWN: Gas (A) diffuses through a cylindrical tube wall (B) and experiences chemical reactions at 
a volumetric rate, N A . 

FIND: Differential equation which governs molar concentration of gas in plastic. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional radial diffusion, (2) Uniform total molar concentration, (3) 
Stationary medium. 

ANALYSIS: Dividing the species conservation requirement, Eq. 14.33, by the molecular weight, A , 
and applying it to a differential control volume of unit length normal to the page, 


where 


^A,r + ^A,g N Ar+c i r - N A?st 


N A , r = (2nr l) N A , r = -27trD AB 
dN A r 

N A,r+dr = N A,r + ’ dr 

NA,g=-N A (2^r-dr.l) 


3Ca 

dr 


% 


st 


d[C A (27trdr-l)] 


dt 


Hence 


-N a (2jtrdr) + 27 tD A g — 

dr 


5 L dC A 


dr 


dr = 2jt rdr 


J 


3C A 

at 


or 


D AB 5 T v 3C A 1 m. - dC A 


dr 


dr 


■n a =- 


dt 


COMMENTS: (1) The minus sign in the generation term is necessitated by the fact that the 
reactions deplete the concentration of species A . 


(2) From knowledge of N A (r,t), the foregoing equation could be solved for C A (r,t). 


(3) Note the agreement between the above result and the one-dimensional form of Eq. 14.39 for 
uniform C. 



PROBLEM 14.12 


KNOWN: One-dimensional, radial diffusion of species A in a stationary, spherical medium with 
chemical reactions. 

FIND: Derive appropriate form of diffusion equation. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, radial diffusion, (2) Uniform total molar concentration, (3) 
Stationary medium. 

ANALYSIS: Dividing the species conservation requirement, Eq. 14.33, by the molecular weight, A , 
and applying it to the differential control volume, it follows that 

N A,r + NA,g - NA, r +dr = NA,st 


where 


NA,r = -DAB^r 


2 3Ca_ 

dr 


dN A r 

N A,r+dr = N A,r + — ^ dr 


/ 9 \ 

d 

1 

n 

> 

£ 

K> 

_1 

14;tr drl, 

^A,st = 

L ' J 

dt 


Hence 


Na |47tr 2 drj+47t — 


d f „ 2 ^Ca a 


Dab 1 " 


dr 


dr = 47tr 2 ■—^-dr 
dt 


or 


J_ d_ 
r 2 dr 


D AB r ^ 


2 ^aLt . _^a 


dr 


+n a =- 


dt 


< 


COMMENTS: Equation 14.40 reduces to the foregoing result if C is independent of r and variations 
in 4> and 0 are negligible. 



PROBLEM 14.13 


KNOWN: Oxygen pressures on opposite sides of a rubber membrane. 

FIND: (a) Molar diffusion flux of O 2 , (b) Molar concentrations of O 2 outside the rubber. 

SCHEMATIC: 

-Rubber (B) 


Oxygen (A) 

P A L ~2bar C A (0\ 


+Ha,* 


Oxygen (A) 


_ r f,\ T=ZS°C C 

L * {L > p Az -lbar 
* \~L=0.5m m 


'A,I 


t 


A ,Z 


ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Stationary medium of uniform 
total molar concentration, C = Ca + Cr, (3) Perfect gas behavior. 

PROPERTIES: Table A-8, Oxygen-rubber (298 K): Dab = 0-21 x 10 9 m~/s; Table A-10, Oxygen- 
rubber (298 K): S = 3.12 x 10 3 kmol/nmbar. 


ANALYSIS: (a) For the assumed conditions 


n' t* r> dC A n C A (0)-C A (L) 
n A,x = J A,x = -Dab —;— = d ab 


dx 


L 


From Eq. 14.33, 

C A (0) = Sp A j = 6.24xl0 _3 kmol/m 3 
C A (L) = Sp A2 = 3.12xl0 _3 lmol/m 3 . 


Hence 


N A;X = 0.21 xlO -9 m 2 /s 


|6.24xl0 -3 - 3.12xl0 -3 jkmol/m 3 


0.0005 m 


N a>x =1.31x10 ^kmol/s ■ trC. 
(b) From the perfect gas law 


C A ,1 


PA,1 

9tT 


2 bar 


(°. 


= 0.0807 kmol/nr 


08314 nt ■ bar/kmol ■ K 298 K 


< 


< 


C A 2 =0.5C A)1 =0.0404 kmol/m 3 . < 

COMMENTS: Recognize that the molar concentrations outside the membrane differ from those 
within the membrane; that is, Ca,i & Ca( 0) and C A: 2 T Ca(L). 



PROBLEM 14.14 


KNOWN: Water vapor is transferred through dry wall by diffusion. 
FIND: The mass diffusion rate through a 0.01 x 3 x 5 m wall. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional species diffusion, (3) 
Homogeneous medium, (4) Constant properties, (5) Uniform total molar concentration, (6) Stationary 
medium with x A « 1, (7) Negligible condensation in the dry wall. 

ANALYSIS: From Eq. 14.46, 


Na,x = -cdab 


dx, 


dx 


~ d ab 


dC A 

dx 


d ab 


C A ,1-C a ,2 


L 


From Eq. 14.33 

C A ,i =S PA,1 = 0.15xl0 _3 kmol/m 3 


Ca2 = $Pa,2 = 0 kmol/m 


3 


Hence 


, T „ in -9 2, 0.15x10 3 kmol/m 3 

Na =10 m /sx- 

0.01m 


0.15x10 ^ kmol/snTA 


Therefore 

n A = m a (A ■ N a ) = 18kg/kmolxl5 m^x 0.15x10 ^ kmol/s 


or 

n A = 4.05 xlO - ^ kg/s. 


< 



PROBLEM 14.15 


KNOWN: Pressure and temperature of CO 2 in a container of prescribed volume. Thickness and 
surface area of rubber plug. 


FIND: (a) Mass rate of CO 2 loss from container, (b) Reduction in pressure over a 24 h period. 

SCHEMATIC: 


V=10 


-z 


7TJ' 



ASSUMPTIONS: (1) Loss of CO 2 is only by diffusion through the rubber plug, (2) One-dimensional 
diffusion through a stationary medium, (3) Diffusion rate is constant over the 24 h period, (4) Perfect 
gas behavior, (5) Negligible CO 2 pressure outside the plug. 

PROPERTIES: Table A-8, C0 2 -rubber (298 K, 1 atm): D AB = 0.11 x It) 9 m 2 /s; Table A-10, C0 2 - 
rubber (298 K, 1 atm): S = 40.15 x 10 3 kmol/m 3 -bar. 

ANALYSIS: (a) For diffusion through a stationary medium, 

C A ,1-C A ,2 


n A = ADab 


L 


where 


Hence 


and 


C A ,l = Spa, 1 = 40.15x10 3 kmol/m 3 barx 5bar =0.200 kmol/m 3 
C A,2 =S PA,2 =0. 


,- 4 m 2 


N A = 3x 10 m 0.11x10 m /s 


9 2/ \ (0.200-0)kmol/m 3 


0.02 m 


3.30xl0 _13 kmol/s 


n A = m aN A = 44 kg/kmolx3.30x10 13 kmol/s =1.45x10 kg/s. 
(b) Applying conservation of mass to a control volume about the container 


d(p A V) 


■ = -n A 


or 


d(C A V) 


= -N A . 


dt dt 

Hence, with C A = p A /9\T, 

dp A N A 9tT 3.3xl0 _13 kmol/sx8.314xl0 _2 m 3 -bar/kmol -K(298K) 


dt 

Hence 


1 n “ 2 3 

10 m 


= -8.18x10 10 bar/s. 


Ap A : 


d P A 
V dt J 


!At = -8.18x 10“ 10 b ar/s x 24h x 3 600 s/h = 7.06 x 10 -5 bar. 




PROBLEM 14.16 


KNOWN: Pressure and temperature of helium in a glass cylinder of 100 mm inside diameter and 5 
mm thickness. 

FIND: Mass rate of helium loss per unit length. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial diffusion through cylinder 
wall, (3) Negligible end losses, (4) Stationary medium, (5) Uniform total molar concentration, (6) 
Negligible helium concentration outside cylinder. 

PROPERTIES: Table A-8, He-Si0 2 (298 K): D AB - 0.4 x 10" 13 m 2 /s; Table A-10, He-Si0 2 (298 
K): S ~ 0.45 x 10' 3 kmol/m 3 -bar. 

ANALYSIS: From Table 14.1, 



C A,S1“ C A,S2 


where, fromEq. 14.44, C A ,s = Sp A . Hence 

Ca,si = Spaj = 0.45x10kmol/nr* ■ barx4bar = 1.8 xlO -3 kmol/m 3 


C A,S2 =SP A,2 =0. 


Hence 


1.8xl0~ 3 kmol/m 3 


^ A,r --7 

In (0.055 / 0.050)/ 2k |0. 
N^, r =4.75xl0 -15 kmol/s m. 


27r(0.4xl0~ 13 m 2 


The mass loss is then 


n'^ r = M A N' A , r = 4 kg/kmolx4.75xl0 kmol/s m 
n A , r =1.90xl0 -14 kg/s m. 


< 







PROBLEM 14.17 


KNOWN: Temperature and pressure of helium stored in a spherical pyrex container of prescribed 
diameter and wall thickness. 


FIND: Mass rate of helium loss. 

SCHEMATIC: 


Spherical pyrex 
container [Jd) 



Helium gas (A) } 

P^-4bar } T=Z5°C 
r^lOOmm 
r z ~HOmm 


ASSUMPTIONS: (1) Steady-state conditions, (2) Helium loss by one-dimensional diffusion in radial 
direction through the pyrex, (3) C = Ca + C B is independent of r, and xa « 1, (4) Stationary medium. 

PROPERTIES: Table A-8, He-Si0 2 (293 K): D AB = 0.4 x 10' 13 m 2 /s; Table A-10, He-Si0 2 (293 
K): S = 0.45 x Iff 3 kmoWbar. 

ANALYSIS: From Table 14.1, the molar diffusion rate may be expressed as 
N A r = C A, S 1 ~ C A.S2 
R m,dif 


where 
R m,dif =- 

with 


1 


1 

( i 1 \ 

471 Dab 

v r l r 2y 

47 t(0.4xl0 _13 m 2 /s) 

0 .1m 0.11m 


= 1.81xl0 12 s/m 3 


find 


Hence 


Ca,S1 = Spa = 0-45x10 3 kmol/m 3 barx4 bar = 1.80x10 3 kmol/m 3 
C A,S2 =° 


_ T 1.80x10 3 kmol/m 3 _i5 
N Ar = - — - -z — = 10 kmol/s. 

’ 1.81X10 12 s/m 3 


n A,r =M A^A,r = 4 kg/molxl0 ^ kmol/s = 4x10 ^ 3 kg/s. 


COMMENTS: Since rj ~ r 2 , the spherical shell could have been approximated as a plane wall with L 

n Table 1 

0.01m 


= 0.01 m and A =471^ =0.139 m“. From Table 14.1, 


R 


m,dif 


and 


N A ,x = 


DabA (o.4xlO _ 13 m 2 /s)(o.l37 m 2 ) 
_ C A,S1~ C A,S2 _ 1.80xl0~ 3 kmol/m 3 _ 15 


1 .8xl0 12 s/m 3 


R m,dif 

Hence the approximation is excellent. 


1 .8xl0 12 s/m 3 


= 10 _ kmol/s. 



PROBLEM 14.18 


KNOWN: Pressure and temperature of hydrogen inside and outside of a circular tube. Diffusivity 
and solubility of hydrogen in tube wall of prescribed thickness and diameter. 

FIND: Rate of hydrogen transfer through tube per unit length. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady diffusion in radial direction, (2) Uniform total molar concentration in 
wall, (3) No chemical reactions. 

ANALYSIS: The mass transfer rate per unit tube length is 

N , C A U)-C A (r 2 ) 

A,r ln(r 2 /r 1 )/27tD AB 

where from Eq. 14.44, Ca jS = Sp a , 

Ca(ii) = SpA,l = 160 kmol/m 3 atmx2 atm =320 kmol/m 3 

C-A( r 2) = Spa, 2 = 160 kmol/m 3 atmxO.latm =16 kmol/m 3 . 


Hence, 


NA,r 


(320-16)kmol/m 3 


304 kmol/nr 


In (20.5/20)/2jt xl.8xl0 -11 m 2 /s 2.18x10^ s/m 2 

N^ r = 1.39x10 ^kmol/s m. 

COMMENTS: If the wall were assumed to be plane, 

L 


R m,dif 


5X10 -4 m 

11 


DaB^ d 1.8xl0 _ii m 2 /stc (0.04 m) 


:2.21xl0 8 s/m' 


which is close to the value of 2.18 x 10 s/m” for the cylindrical wall. 



PROBLEM 14.19 


KNOWN: Dimensions of nickel tube and pressure of hydrogen flow through the tube. Diffusion 
coefficient. 

FIND: Mass rate of hydrogen diffusion per unit tube length. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional diffusion through tube wall, (3) Negligible 
pressure of H2 in ambient air, (4) Tube wall is a stationary medium of uniform total molar 
concentration, (5) Constant properties. 

PROPERTIES: Table A-10 (H 2 - Ni): S = 9.01 x 10' 3 kmol/m 3 -bar. 

ANALYSIS: From Table 14.1, the resistance to diffusion per unit tube length is 
Rm,dif = In (D 0 /Dj)/27t Dab, an d the molar rate of hydrogen diffusion per unit length is 


N A ,r 


27rD AB( C A,si~ C A ,so) 


In (D 0 /Dj) 

From Eq. (14.44), the tube wall molar concentrations are 

CA.si =S PA.i = 9.01xl0 _3 kmol/m 3 barx4 bar = 0.036 kmol/m 3 
Ca,so = S Pa,o = 0 


N A ,r 


2;rxl0~ 12 m 2 /sx0.036 kmol/m 3 


In (0.028/0.025) 
With M a = 2kg/kmol for Fb, 


2 .00x10 12 kmol/s-m 


n A ,r = M A^A,r = 2kg/kmolx2.00x10 12 kmol/s■ m = 4.00x10 12 kg/s-m < 


COMMENTS: The hydrogen loss is miniscule. 



PROBLEM 14.20 


KNOWN: Conditions of the exhaust gas passing over a catalytic surface for the removal of NO. 
FIND: (a) Mole fraction of NO at the catalytic surface, (b) NO removal rate. 


SCHEMATIC: 


X-L=l 777777“* 


Exhaust gases 
T=500°C l p-l.Zbar 


■^x AiL --0.1S 


Catalytic surface, -v 

k^=0.05m/s 1 K-ZOOcw 2 A_ 


• N\ixture } D ab =10 iw 2 /s 
x A,s>^\s 




ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional species diffusion through the film, 
(3) Effects of bulk motion on NO transfer in the film are negligible, (4) No homogeneous reactions of 
NO within the film, (5) Constant properties, including the total molar concentration, C, throughout the 
film. 

ANALYSIS: Subject to the above assumptions, the transfer of species A (NO) is governed by 
diffusion in a stationary medium, and the desired results are obtained from Eqs. 14.60 and 14.61. 

Hence 


_ 7 — __ ^ — _ 

X A,L l + (Lki/DAB) ,S l + 0.001mx0.05m/s/ 10 _4 m 2 /s 


■ 0 . 10 . < 


Na,s=- 


klCx A , L 


^ l + (Lk[/D AB ) 

where, from the equation of state for a perfect gas, 


1.2 bar 


8.314xl0 _2 m 3 bar/kmol-Kx773 K 


= 0.0187 kmol/m . 


Hence 


. T , 0.05 m/sxO.0187 kmol/nrxO.15 _ . _ 2 

N As = - - --—-—y = -9.35x10 kmol/s - m 

l+l0.001mx0.05m/s/10 _4 nU/sl 
or 

n A ,s = m A N A)S = 30 kg/kmol(-9.35 xlO -5 kmol/s ■ m 2 ) = -2.80 xlO -3 kg/s • 
The molar rate of NO removal for the entire surface is then 

N A , S = N A , s A = -9.35x10 3 kmol/s ■ m 2 x0.02 m 2 =-1.87x10 ^kmol/s 


n A § =-5.61x10 Kg/s. 


COMMENTS: Because bulk motion is likely to contribute significantly to NO transfer within the film, 
the above results should be viewed as a first approximation. 



PROBLEM 14.21 


KNOWN: Radius of coal pellets burning in oxygen atmosphere of prescribed pressure and 
temperature. 

FIND: Oxygen molar consumption rate. 


SCHEMATIC: 


T=1450K . 

p-laim 



C=C A+ C B 
D ab - 1. 71 xlO 4 m z /s 
k/'-O.l m/s 


ASSUMPTIONS: (1) One-dimensional diffusion in r, (2) Steady-state conditions, (3) Constant 
properties, (4) Perfect gas behavior, (5) Uniform C and T. 

ANALYSIS: From Equation 14.53, 


dr 


r 2 dC A 
dr 


= 0 
2 


V J 

dC A /dr =C 1 /r z ' or C A =-C 1 /r + C 2 . 

The boundary conditions at r —> °° and r = r Q are, respectively, 

c A (°°)=c -> c 2 =c 


Na=N A (r G ) = -CD AB 


dx A 


dr 


= “ d AB 


dC A 


dr 


Hence 


-kI(-C|/r 0 + C) = -D AB C 1 /r^ 


k[(C 1 /r 0 ) + D AB (c,/d)=kIC or C, =-42- xr. 

' (kf/ fc )+(D AB / fc 2 ) 


The oxygen molar consumption rate is 


NA(r 0 ) = -DAB^ 


dr 


IqC 


where 


C 


= ~ d ABtv ^ 

^ k!r 0 + D AB 

1 atm 


9TT 


8.205x10 ^m 3 ■ atm/kmol -K11450 K 


8.405xl0~ 3 kmol/m 3 . 


Hence, 

. T ^ , x in -4 2, 0. Im/sx8.405xl0 _3 kmol/m 3 . „- 4 . .. 2 

N A (r 0 ) = -1.71x10 m /s -—— -= -5.30x10 kmol/sm 

10 -4 +1.71xl0 -4 m 2 /s 


N A (r 0 ) = 47tr^N A (r 0 ) =4 ti (0.001 m) z x5.30xl0^ kmol/sm' 


N A (r G ) = 6.66x10 Kmol/s. 


COMMENTS: The O 2 consumption rate would increase with increasing k[ and approach a limiting 
finite value as k'{ approaches infinity. 



PROBLEM 14.22 


KNOWN: Radius of coal particles burning in oxygen atmosphere of prescribed pressure and 
temperature. 

FIND: (a) Radial distributions of O 9 and CCU, (b) O 2 molar consumption rate. 


SCHEMATIC: 



T=I450K 

latm 



C + Oz C 02_ 


ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Uniform total molar 
concentration, (3) No homogeneous chemical reactions, (4) Coal is pure carbon, (5) Surface reaction 
rate is infinite (hence concentration of O 2 at surface, C A , is zero), (6) Constant D AB , (7) Perfect gas 
behavior. 

PROPERTIES: Table A-8, C0 2 -> 0 2 ; D AB (273 K) = 0.14 x 10' 4 m 2 /s; D AB (1450 K) = D AB 
(273 K) (1450/273) 3/2 = 1.71 x 10' 4 m 2 /s. 

ANALYSIS: (a) For the assumed conditions, Eq. 14.53 reduces to 

df r 2 dCA) = o 

dr ^ dr 

r 2 (dC A /dr) = q or C A =-(C!/r)+C 2 . 

From the boundary conditions: 

C A (° 3 )=C —» c 2 =c 

C A (ro)=0^ 0 = -C| /r G +C C, =Cr„. 

Hence, recognizing that C = C A + C B , 

C A =C-C(ib/r)=C(l-r 0 /r) C B =C-C A = C(ib/r). < 

(b) The conditions correspond to equimolar, counter diffusion (N A = -N B ), with 




PROBLEM 14.23 

KNOWN: Pore geometry in a catalytic reactor. Concentration of reacting species at pore opening 
and order of catalytic reaction. 

FIND: (a) Differential equation which determines concentration of reacting species, (b) Distribution 
of reacting species concentration along the pore. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional diffusion in x direction, (3) 
Stationary medium, (4) Uniform total molar concentration. 

ANALYSIS: (a) Apply the species conservation requirement to the differential control volume, 
n A,x — kfC a (jt D) dx — NA ;X +dx =0, where 

N A,x+dx = N A,x+( dN A,x/ dx )dx 


and from Field s law 


f 


n a ,> 


-cd ab 


dxA 

dx 


TtD 7tD“ 


d AB 


dC A 

dx 


Hence 


2 2 

--^-dx - kfC A (tiD) dx = ab k[C A (tiD) dx = 0 


dx 


dx" 


d 2 C A 4kf 


dx 2 DDab 


c A = 0 . 


< 


(b) A solution to the above equation is readily obtained by recognizing that it is of exactly the same 
form as the energy equation for an extended surface of uniform cross section. Hence for boundary 
conditions of the form 


c A (0) = C A , 0 . -Dab («a /dx) x=L = qc A (l) 


the solution must be analogous to that obtained for a fin with a convection tip condition. With the 
analogous quantities 

1/9 1/9 

C A ^T-Too, m =(4ki/DDABj ^(4h/Dk) 7 


Dab ^ k, k'{ <-> h 

the solution is, by analogy to Eq. 3.70 

cosh m(L-x)+ (kJ/mDAB) s i n h m(L-x) 


C A (x) = 


cosh mL-l- (kJ/mDABjsinh trtL 


< 


2 

COMMENTS: The total pore reaction rate is - D,\b( 7 iD /4) (dCA/dx) x= o, which can be inferred by 
applying the analogy to Eq. 3.72. 








PROBLEM 14.24 


KNOWN: Pressure, temperature and mole fraction of CO in auto exhaust. Diffusion coefficient for 
CO in gas mixture. Film thickness and reaction rate coefficient for catalytic surface. 

FIND: (a) Mole fraction of CO at catalytic surface and CO removal rate, (b) Effect of reaction rate 
coefficient on removal rate. 

SCHEMATIC: 

C^ExhausTgasP 


Thin film 

D ab = 10“ 4 m 2 /s 

Catalytic surface 
k'i = 0.005 m/s 
2CO + 0 2 —>2C0 2 


p = 1.2 bar, T = 500°C, x A L = 0.0012 



ASSUMPTIONS: (1) Steady-state, (2) One-dimensional species diffusion in film, (3) Negligible 
effect of advection in film, (4) Constant total molar concentration and diffusion coefficient in film. 

ANALYSIS: From Eq. (14.60) the surface molar concentration is 


x A (0) = 


X A,L 


0.0012 


1 + 


(Lkf/D AB ) l + (o.01mx0.005m/s/10 _4 m 2 /s) 


= 0.0008 


< 


With C = p/*T= 1.2 bar/(8.314 x 10 ‘ 2 m 3 -bar/kmol K x 773 K) = 0.0187 kmol/m 3 , Eq. (14.61) yields 
a CO molar flux, and hence a CO removal rate, of 



-Na (0) 


qcx AL 

l + (Lkf/D AB ) 


0.005 m/sxO.0187 kmol/m 3 x0.0012 ir ,-8i ,, 2 

N A , S =- 7 - : —;—— = 7.48x10 ° kmol/s ■ m z 


1 +10.Olmx0.005m/s/10 4 m 2 /sj 


■( 0 .( 


If the process is diffusion limited, Lkf / D AB » 1 and 


N A ,s = 


C d ab x a,l 


0.0187kmol/m 3 x 10 4 m 2 /sx 0.0012 
0.01m 


2.24x10 7 kmol/s-m“ 


COMMENTS: If the process is reaction limited, N A s —> Oas k[ —> 0. 


< 



PROBLEM 14.25 


KNOWN: Partial pressures and temperatures of C0 2 at opposite ends of a circular tube which also 
contains nitrogen. 

FIND: Mass transfer rate of C0 2 through the tube. 

SCHEMATIC: 

Q-lOOmmHg 

A^CO z 

£^N Z 

ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional diffusion, (3) Uniform 
temperature and total pressure. 

PROPERTIES: Table A-8, C0 2 - N 2 (T » 298 K, 1 atm): D AB = 0.16 x 10" 4 mV 
ANALYSIS: From Eq. 14.70 the C0 2 molar transfer rate is 

N d V d 2 / 4 )pa,o-pa, L 

A 9TT L 

0.16xl0 _4 m 2 /s(7l/4)(0.05 m) 2 (l00-50)mmHg 

Na =-~- 

0.08205 atm/kmol- Kx298 K 1 mx760 mmHg/atm 

N a = 8.45x10~^ kmol/s. 

The mass transfer rate is then 

n A = M A^A = 44kg/kmolx8.45xl0 - ^ kmol/s 

n A = 3.72xl0 _9 kg/s. < 

COMMENTS: Although the molar transfer rate of N 2 in the opposite direction is Ng = 8.45 x 10 * * 
kmol/s, the mass transfer rate is 

n B =m E>Nb = 28 kg/kmolx8.45xl0 _ ^kmol/s = 2.37xlO _ Vg/s. 






PROBLEM 14.26 


KNOWN: Conditions associated with evaporation from a liquid in a column, with vapor (A) transfer 
occurring in a gas (B). In one case B has unlimited solubility in the liquid; in the other case it is 
insoluble. 

FIND: Case characterized by the largest evaporation rate and ratio of evaporation rates if Pa = 0 at 
the top of the column and p A = p/10 at the liquid interface. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional species transfer, (3) Uniform 
temperature and total pressure in the column, (4) Constant properties. 

ANALYSIS: If gas B has unlimited solubility in the liquid, the solution corresponds to equimolar 
counter diffusion of A and B. From Eqs. 14.63 and 14.68, it follows that 


Na,x =-cdab 


dxA 

dx 


CDab 


X A,0 — X A,L 


(1) 


If gas B is completely insoluble in the liquid, the diffusion of A is augmented by convection and from 
Eqs. 14.73 and 14.77 


Na,x = ■-CDab ^ +C A v* = ^AB 

dx L 1 -X A,0 


( 2 ) 


Comparing Eqs. (1) and (2), it is obvious that the evaporation rate for the second case exceeds that for 
the first case. Also 


N A,x(sol) (CDab/L)(x a ,q-x A l) 0 ,1-0 

N A .x(insol) ” (CDab Tl) lnfi-x A>L )/(l-x A ,o) ” ln[(l-0)/(l-0,l)] 


^A,x(sol) 

^A,x(insol) 


0.949. 


< 


COMMENTS: The above result suggests that, since the mole fraction of the saturated vapor is 
typically small, the rate of evaporation in a column is well approximated by the result corresponding to 
equimolar counter diffusion. 



PROBLEM 14.27 


KNOWN: Water in an open pan exposed to prescribed ambient conditions. 
FIND: Evaporation rate considering (a) diffusion only and (b) convective effects. 


SCHEMATIC: 



x t 1 

f 

C A,s~\ P~-La+™ 

L-QOmm " 




Pan t D-O.Zm 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional diffusion, (3) Constant properties, 
(4) Uniform T and p, (5) Perfect gas behavior. 

PROPERTIES: Table A-8, Water vapor-air (T = 300 K, 1 atm), Dab = 0-26 x 10 4 m7s; Table A-6, 
Water vapor (T = 300 K, 1 atm), p sat = 0.03513 bar, v g = 39.13 m 3 /kg. 


ANALYSIS: (a) The evaporation rate considering only diffusion follows from Eq. 14.63 simplified for 
a stationary medium. That is, 


Na,x=Na,x-A=-DabA 


dC A 

dx 


Recognizing that cf> = Pa/Pa, sat = Ca/Ca^o the rate is expressed as 

C A ,oo — C A ,s _ DAB A 


n A,x = ~ d AB A - 


L 


L 


'^A,sat(l ^oo) 


0.26xl0^m 2 /s(n/4)(0.2m) 2 1 

n A,x =-E- - --- 

80x10 3 m 39.13 m 3 /kgxl8 kg/kmol 

where Ca s =l/(v g M A ) with m a =18 kg/kmol. 


(1-0.25)= 1.087x10 8 kmol/s 


(b)The evaporation rate considering convective effects using Eq. 14.77 is 

M _ xt- a _ CDABA 1-xal 

N A,x ~ n A,x 'A-- ;- In- - . 

L 1 -X A,0 

Using the perfect gas law, the total concentration of the mixture is 

C = p/9TT = 1.0133 bar/|8.314xl0 _2 m 3 - bar/kmol- Kx300k) = 0.04063 kmol/m 3 

where p = 1 atm = 1.0133 bar. The mole fractions at x = 0 and x = L are 
PA,s _ 0.0353lbar 


*A,0 


1.0133bar 


= 0.0348 


XA,L=^ooX A , 0 = 0-0087. 


Hence 

0.04063kmol/m 3 x0.26xl0^m 2 /s(7i/4)(0.2 m) 2 1-0.0087 _ 8 

N Ax = ---22-Z_ ln -=1.107x10 kmol/s. 

80xl0“ 3 m 1-0.0348 


< 


COMMENTS: For this situation, the convective effect is very small but does tend to increase (by 
1.5%) the evaporation rate as expected. 



PROBLEM 14.28 


KNOWN: Vapor concentrations at ends of a tube used to grow crystals. Presence of an inert gas. 
Ends are impermeable to the gas. Constant temperature. 

FIND: Vapor molar flux and spatial distribution of vapor molar concentration. Location of maximum 
concentration gradient. 

SCHEMATIC: 



ASSUMPTIONS: (1) One-dimensional, steady-state conditions, (2) Constant properties, (3) Constant 
pressure, hence C is constant. 

ANALYSIS: Physical conditions are analogous to those of the evaporation problem considered in 
Section 14.4.4 with 


Ca,o > Ca.l —> diffusion of vapor from source to crystal, 

Cb,l > Cg.o —> diffusion of inert gas from crystal to source, 

Impermeable ends —> absolute flux of species B is zero (Ng x = ()); hence v B x = 0. 


Diffusion of B from crystal to source must be balanced by advection from source to crystal. The 
advective velocity is v* = Na x /C. The vapor molar flux is therefore determined by Eq. 14.77, 


Na,x =^AB in 


'i-*a,l a 


X A,0 


and the vapor molar concentration is given by Eq. 14.75, 

7, .. \ x/L 


x A = = 1 ~ (l ~ x A,0) 


1~ X A,L 

!- x A,0 


From Eq. 14.72, 

% iL = -N' A>x (l-x A )/CD AB 


dx 


^=-^(‘-x A ). 

dx 


Hence maximum concentration gradient corresponds to minimum xa and occurs at 
x = L. 

COMMENTS: Vapor transfer is enhanced by the advection, which is induced by presence of the 
inert gas. 



PROBLEM 14.29 


KNOWN: Spherical droplet of liquid A and radius r G evaporating into stagnant gas B. 

FIND: Evaporation rate of species A in terms of p Asat , partial pressure p A (r), the total pressure p and 
other pertinent parameters. 


SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional, radial, species diffusion, (3) 
Constant properties, including total concentration, (4) Droplet and mixter air at uniform pressure and 
temperature, (5) Perfect gas behavior. 


ANALYSIS: From Eq. 14.31 for a radial spherical coordinate system, the evaporation rate of liquid A 
into a binary gas mixture A + B is 

N A ,r=-DABA r ^A + %-N A>r 


dr 


C 


where A r = 4itr and N A r = N A , a constant, 


N A 


1 - 


Ca 

c 


= -Dab -47tr 


2 dCA 
dr 


From perfect gas behavior, C A = p A / 3TT and C = p / 3\T, 

N A (P-P A ) = -D AB -4xr 2 ^ 


Separating variables, setting definite limits, and integrating 


SKT 1 rr dr 
A p 4^ Dab ^ r 2 

find that 


fPA.r dp A 
P A,r 0 P-PA 


Na = 47tr 0 DAB 


p i ln P ~PA ( r ) 
9lTl-r 0 /r p-pA,o 


< 


where p a o - Pa ( r o ) = Pa sat» the saturation pressure of liquid A at temperature T. 

COMMENTS: Compare the method of solution and result with the content of Section 14.4.4, 
Evaporation in a Column. 



PROBLEM 14.30 


KNOWN: Vent pipe on a methanol distillation system condenser discharges to atmosphere at 1 bar. 

3 

Cooler and vent at 21°C. Vapor volume of cooler is 0.005 m . 


FIND: (a) Weekly loss of methanol vapor due to diffusion out the vent pipe and (b) Weekly loss due 
to expulsion of methanol vapor in the cooler once per hour caused by process heat rate change. 


SCHEMATIC: 


/A 2 

^ D~^5Smm 

'Verrh pipe 



Cooler, methanol vapor 
p^-lOOmmHg, V-0.005m3 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional species transport, (3) Uniform 
temperature and total pressure in vent pipe, (4) Constant properties, (5) Perfect gas behavior. 

PROPERTIES: Methanol-air mixture (given, 273 K): Dab = 0.13 x 10 4 m7s. 

ANALYSIS: (a) The methanol transfer rate through the vent follows from Eq. 14.77 

-In- 


N Ax =tr Ax -A c =”^^ln 1 ~ PA - 2/p 
’ ’ 4 L 1-PA,1/P 


where pa ,2 = 0 and paj = Pa = 100 mmHg = 0.1333 bar = 13.3 kPa, 
p lbar 


C 


8.314x 10 -2 m 3 ■ bar/kmol ■ K(21 + 273) K 


4.093x 10 -2 kmol/m 3 


Dab ( 294k ) = d AB (273)(294/273) 3/2 =0.13xl0^m 2 /s(294/273) 3/2 = 0.145 xlO^m 2 /s. 


Substituting numerical values, find the rate on a weekly basis as 

' 2 ^-2 u _,, 3 0.145xl0 _4 m 2 /s 


7t (0.035 mV 

N a =— - —x 4.093x10 kmol/m x- 


0.5 m 
-5, 


ln- 


1-0 


1-0.1333/1 


x3600 s / h x24h/dayx7day/week = 9.883x10 kmol/week 
m A = Na m A = 9.883xlO -3 kmol/weekx32 kg/kmol = 0.00316 kg/week. 

3 

(b) The methanol vapor in the cooler of volume 0.005 m is expelled once per hour, so that the 
additional mass loss is m A = n A M A > where nA is 


p A V 

n A = i ^- 


0.1333barx0.005m J 


8.314xl0 -2 m 3 bar/kmol ■ Kx294 K 


= 2.728 xl0 _5 kmol 


from which it follows that 

m A = 2.728xl0 -3 kmol/x24x7 x32 kg/kmol = 0.1467 kg/week. < 

COMMENTS: Note that the loss through the vent is approximately 2% that lost by expulsion when 
the process heat rate is varied. 



PROBLEM 14.31 


2 

KNOWN: Clean surface with pure steam has condensate rate of 0.020 kg/m -s for the prescribed 
conditions. With the presence of stagnant air in the steam, the condensate surface drops from 28°C to 
24°C and the condensate rate is halved. 


FIND: Partial pressure of air in the air-steam mixture as a function of distance from the condensate 
film. 

SCHEMATIC: 


T(°C) 


A 

28 ~ 

24- 




ASSUMPTIONS: (1) Steady-state conditions, (2) Constant properties including pressure in air-steam 
mixture, (3) Perfect gas behavior. 

PROPERTIES: Table A-6, Water vapor: p sat (28°C = 301 K) = 0.03767 bar; p sat (24°C = 297 K) = 
0.02983 bar; Table A-8, Water-air (298 K, 1 bar): D AB = 0.26 x 10~ 4 m 2 /s. 

ANALYSIS: The partial pressure distribution of the air as a function of distance y can be found from 
the species (A) rate expression, Eq. 14.77, 

N A,y = (CDAB/y)ln(l-x A)y )/(l-x Ai o). 


With C = p/9tT, xg y = 1 - x A> y and xg q = 1 - x A yy recognizing that x B = p B /p, find 


PB(y) = PB,0 ex P 


„ 9tT 

N A v -y 

A - y pDAB J 


P B 0 =p -p A ,o =Psat (28°C) -Psat (24°C) = (0.03767 -0.02983) bar =0.00784 bar. 


With N A y = -(0.020/2)kg/m z s/28kg/kmol = 3.57xl0 _4 kmol/m z -s, 


P R (y) = 0.0784 barxexp 


‘ _- 4 , 1( 2 8.314xl0 _2 m 3 bar/kmol Kx299 K 4 

3.57x10 \mol/m Z 'S-—=- 

0.03767 barx 6.902x 10 -4 m z / s 


p (y) = 784 kPaxexp(-0.3415y) 


with p B in [kPa] and y in [mm], where T = 26°C = 299 K, the average temperature of the air-steam 
mixture, and D AB = p' 1 T 3/2 = 0.26 x 10' 4 m 2 /s (1/0.03767) (299/298) 3/2 = 6.902 x 10' 4 m 2 /s. Selected 
values for the pressure are shown below and the distribution is shown above: 

y (mm) 0 5 10 15 

p B (y) (kPa) 784 142 25.8 4.7 

COMMENTS: To minimize inert gas effects, the usual practice is to pass vapor over the surfaces so 
that the inerts are eventually collected near the outlet region of the condenser. Our estimate shows 
that the effective region to be swept is approximately 10 mm thick. 





PROBLEM 14.32 


KNOWN: Column containing liquid phase of water (A) evaporates into the air (B) flowing over the 
mouth of the column. 

2 

FIND: Evaporation rate of water (kg/h m ) using the known value of the binary diffusion coefficient 
for the water vapor - air mixture. 


SCHEMATIC: 


Air (B) 
-> 

L = 150 mm 



Chamber 
p = 0.25 atm 
T = 320 K 

(A+B) 


Water (A) 


ASSUMPTIONS: (1) Steady-state, one-dimensional diffusion in the column, (2) Constant 
properties, (3) Uniform temperature and pressure throughout the column, (4) Water vapor exhibits 
ideal gas behavior, and (5) Negligible water vapor in the chamber air. 


PROPERTIES: TableA-6, water (T - 320 K): p sat = 0.1053 bar; Table A-8 , water vapor-air (0.25 
atm, 320 K): Since Dab ~ P 1 T 3/2 find 

D ab =0.26x 10“ 4 m 2 /s (1.00/0.25) (320/298) 3/2 = 1.157 x 10“ 4 m 2 /s 


ANALYSIS: Equimolar counter diffusion occurs in the vertical column as water vapor, evaporating 
at the liquid-vapor interface (x = 0), diffuses up the column through air out into the chamber. From 
Eq. 14.7, the molar flow rate per unit area is 


Na,> 


C D AB ]n 1 X A,L 


L !- x A,0 

where C is the mixture concentration determined from the ideal gas law as 
P 


C 


0.25 atm 


* U T 8.205x10 2 m 3 ■ atm/kmol -Kx320 K 


0.009397 kmol/nr 


—2 3 

where R u = 8.205x 10 m ■ atm/kmol ■ K. The mole fractions at x = 0 and x = L are 
x A l = 0 (no water vapor in air above column) 

X A,0 = PA /P = 0.1053/0.25 = 0.4212 

where pa is the saturation pressure for water at T = 320 K. Substituting numerical values 


Na,> 


0.009397 kmol / m 3 x 1.157 x 10“ 4 m 2 / s, (1 - 0) 

-In- v ’ 


0.150 m 


(1-0.4212) 


n A,x = 3.964 x 10 ~ 6 kmo1 / m 2 's 
or, on a mass basis, 

m A,x = N A,x M A 


m" k x = 3.964 x 10~ 6 kmol / m 2 ■ s x 3600 s / h x 18 kg / kmol 


m A, x = 0.257 kg / m 2 ■ h 


< 






PROBLEM 14.33 


KNOWN: Ground level flux of NO 2 in a stagnant urban atmosphere. 

FIND: (a) Vertical distribution of NCL molar concentration, (b) Critical ground level flux of NCL, 
^A.O.crit • 


SCHEMATIC: 


0.03 s' 1 

D AB =0.15xl0~ 4 m2/s 

pJO) - 2x10 6 bar 

* crit 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional diffusion in a stationary medium, 
(3) Total molar concentration C is uniform, (4) Perfect gas behavior. 

ANALYSIS: (a) For the prescribed conditions the molar concentration of NO 2 is given by Eq. 14.80, 
subject to the following boundary conditions. 


CaH=o, 


IQO N A,0 

dx Jx=0 D AB 


From the first condition, Ci = 0. From the second condition, 

-mC 2 =-Na,o /d AB- 


Hence 


c A ( x )=2FiL e -™ 

mDAB 


where m = (k|/D A e) . 


n a,o 


(b) At ground level, C A (0) =- : —. Hence, from the perfect gas law, 

ihDae 


PA (0) =C A (0)9?T : 


^TNa,q 

hiDab 


Hence, with m = (0.03/0.15 x 10 4 ) 1/_ m 1 = 44.7 m \ 


NA,0,crit 


“DABPA^cnt _ 44.7m _1 x0.15xl0 _4 m 2 /sx2xl0 _6 bar 


8.314x10 2 m 3 bar/kmol-Kx300 K 


N a , 0 ,crit = 5.38x10 ^kmol/s-m 2 . < 

COMMENTS: Because the dispersion of pollutants in the atmosphere is governed strongly by 
convection effects, the above model should be viewed as a first approximation which describes a worst 
case condition. 



PROBLEM 14.34 

KNOWN: Radius of a spherical organism and molar concentration of oxygen at surface. Diffusion 
and reaction rate coefficients. 


FIND: (a) Radial distribution of O 2 concentration, (b) Rate of O 2 consumption, (c) Molar 
concentration at r = 0 . 


SCHEMATIC: 


CA( r o) - 
C A .o = 



ASSUMPTIONS: (1) Steady-state, one-dimensional diffusion, (2) Stationary medium, (3) Uniform 
total molar concentration, (4) Constant properties (kp, Dab)- 


ANALYSIS: (a) For the prescribed conditions and assumptions, Eq. (14.40) reduces to 


d AB d (2 dC A 
r 2 dr{ dr 


-k 0 =0 

> 


r 2 dC A kpr 3 
dr 3 D ab 


+Q 


_ kpr 2 

6 d ab 


Cl 


+C 2 


With the requirement that CA(r) remain finite at r = 0, Cj = 0. With CA(r 0 ) = Ca, q 


C 2 =C A ,o 


k Q r o 

6 d ab 


C A =C A ,o-(ko/6D AB )(r 0 2 -r 2 ) 


< 


Because Ca cannot be less than zero at any location within the organism, the right-hand side of the 
foregoing equation must always exceed zero, thereby placing limits on the value of Ca, 0 - The 
smallest possible value of Ca,o is determined from the requirement that Ca( 0) > 0, in which case 

Ca,o — ( k 0 r o ! 6 D AB j < 

(b) Since oxygen consumption occurs at a uniform volumetric rate of ko- the total respiration rate is 
R = V kq, or 


R=(4/3)^r|k 0 


< 


Continued 




PROBLEM 14.34 (Cont.) 


(c) With r = 0. 

C A ( 0 ) = C A.o - k 0 r o / 6 D AB 

C A (0) = 5 x 10~ 5 kmol / m 3 -1,2x 10“ 4 kmol / s ■ m 3 (l0“ 4 / 6x 10~ 8 m 2 / s 
C A (0) = 3xl0~ 5 kmol/m 3 < 

COMMENTS: (1) The minimum value of C Ao f° r which a physically realistic solution is possible is 
Ca, 0 = ko r o /6D A g = 2xl0 -5 kmol/m 3 . 

(2) The total respiration rate may also be obtained by applying Fick’s law at r = r G , in which case 
R = -N a (r 0 ) = +D ab (4^r 0 2 )dC A /dr | r=rQ = D AB ^R 2 )(k 0 /6D AB )2r 0 = (4/3)^r 3 k 0 . 

The result agrees with that of part (b). 



PROBLEM 14.35 


KNOWN: Radius of a spherical organism and molar concentration of oxygen at its surface. 
Diffusion and reaction rate coefficients. 

FIND: (a) Radial distribution of O 2 concentration, (b) Expression for rate of O 2 consumption, (c) 
Molar concentration at r = 0 and rate of oxygen consumption for prescribed conditions. 

SCHEMATIC: 


C A (r 0 ) _ 

C A ,o = 5x10" b kmol/m 



r 0 = icr m 


Organism 
k-,= 20 s' 1 
D ab = 10" 8 m 2 /s 


ASSUMPTIONS: (1) Steady-state, one-dimensional diffusion, (2) Stationary medium, (3) Uniform 
total molar concentration, (4) Constant properties (kj. D A b). 

ANALYSIS: (a) For the prescribed conditions and assumptions, Eq. (14.40) reduces to 


J_ d_ 
,-2 dr 


D AB r 


2dCA 
dr 


-kiC A =0 


With y = r C A , d C A /dr = (1/r) dy/dr - y/r and 
1 d f 


r 2 dr 


D AB r 


dr 


V°AB d 

( dy ^ 

d ab 

( 0 \ 
d y 

J r 2 * 

1 , y 
l dr J 

“ r 2 

M 


The species equation is then 


d y kj 


y = o 


dr 2 d ab 

The general solution is of the form 

y = Q sinh (k^ / D A b 2 r + C 2 cosh (k^ / D A b )* / 2 r 


or 


C A = —sinh(k^ /D A b r + —^-cosh(k^ /D A b ) 1/2 r 

Because C A must remain finite at r = 0, C 2 = 0. Hence, with C A (r 0 ) = C A Q , 


Q = 


^A,o r < 


o 


sinh(k 1 /D AB ) 1/2 ro 


and 


Continued 




C A =C A ,o 


f . A 

b 

r 

V J 


PROBLEM 14.35 (Cont.) 

1/2 


sinh (k^ / D^b ) r 


r 'sinh(ki /) 1/2 r 0 


(b) The total CL consumption rate corresponds to the rate of diffusion at the surface of the organism. 
R = - N A ( r o ) = + D AB ( 4 ^ r o ) d CA / dr | r 0 


R — 47rr 0 Dab Ca,o r o 


—l + -(kl/D AB ) 1/2 cot(k 1 /D AB ) 1/2 r 0 
r o r o 


R = 47Tr 0 Dab Ca,o { a codl oc — l) 
\l/2 


where OC = |k^ / Dab j 


wo _ 1 -8 9 1/? -1 

(c) For the prescribed conditions, (ki/DAB) = (20 s -f- 10 m7s) “ = 44,720 m and a = 4.472. 


5x10 5 kmol/m 3 xl0 4 m sinh(k] /D AB ) 1/2 r _10 kmol sinh(kj/D AB r 

C a —-x-— 1.136x10 -x- 

sinh (4.472) r m 3 r 

In the limit of r —> 0, the foregoing expression yields 

Ca (r —> 0) = 5.1 lx kmol/m 3 < 

R = 47rxl0“ 4 mxl0~ 8 m 2 /sx5xl0“ 5 kmol/m 3 (4.472coth 4.472-1) 

= 2.18xl0“ 15 kmol/s 

COMMENTS: The total respiration rate may also be obtained by integrating the volumetric rate of 
consumption over the volume of the organism. That is, R = — J Na d ^ = Jq° k] Ca (r)4/rr 2 dr. 



PROBLEM 14.36 


KNOWN: Radius and catalytic reaction rate of a porous spherical pellet. Surface mole fraction of 
reactant and effective diffusion coefficient. 

FIND: (a) Radial distribution of reactant concentration in pellet, total reactant consumption rate, and 
pellet effectiveness, (b) CO consumption rate and effectiveness for prescribed conditions. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional radial diffusion, (3) Constant 

S cities, (4) Homogeneous chemical reactions, (5) Isothermal, constant pressure conditions within 
t, (6) Stationary medium. 

ANALYSIS: (a) hi spherical coordinates, the mass diffusion equation is given by 


j__d_ 
r 2 dr 


CDabi- 


2 3xa 

dr 


+ N a =0 


where C, Dab are constant and N A = Ay Qy . Hence 


J_ d_ 
r 2 dr 


r 2 dx A 

dr 


' k i Av x A = o. 


J 


D eff 


The boundary conditions are XA(r 0 ) = xa, s and xa(0) is finite. Transform the dependent variable, y = 
txa, with 


dx A ldy y Id 

( 2 dx A "I 

1 d 

( dy ^ 

1 


dr _ r dr r 2 ° f f 2 dr 

1 dr J 

_ ^2"dr 

r , y 
l dr J 

= 7 

r* 2 ] 


Hence 


dy kjA v 


dr D e ff 


y = 0. 


The general solution is of the form 

y=Q sinh(ar) + C 2 cosh(ar) 

1 / 2 

where a = (kjA v / D e ff) giving 

x A = — sinh(ar) +-^=-cosh(ar) 


and using the boundary conditions, 
X A (0) finite C 2 = 0 


X A ( r o) = x A,s Q = x A,#o /sinh (ar 0 ). 


Continued 




PROBLEM 14.36 (Cont.) 


Hence 

sinh(ar) 

x A( r ) = x A,sM r )—-ry-V < 

stnh(ar 0 ) 

Applying conservation of species to a control volume about the pellet, N A j n +^A,g = 0, the total 
rate of consumption of A in the pellet is 


"^A,g _ ^A,in - N A ,r ( r o ) _ 47ir 0 J A ,r ( r o) • 


Hence 


N A AO = (W)(-CD eff ^ 


47iro f sinh(ar) cosh(ar) 


■ w° , eDeffX A>s 
stnh(ar 0 ) r z 


^A,r ( r o ) ~ 47tr 0 CD e ff x A s 1 r • 

tanh(ar 0 ) 

The pellet effectiveness e is defined as e = NA, r Ob)/[NA,r( r o)]max an< J the maximum consumption 
occurs if xa(H = xa, s for all 0 < r < r 0 . Hence 

[^A,r (to )] = ^A^p = -kl A v Cx a , s ~ 7i:i o 


3 , ar n 

£=-1-—- 

a 2 r 2[ tanh(ar G )_' 

(b) To evaluate the rate, first determine values for these parameters: 

C = -^- =- l-2atm - = o 0178 k mo i/ m 3 

0.08205 ■ atm/kmol ■ K x823 K 


, / A \l/2 ( -3 . in 8 2, 3 
k^A v _ 10 m/sxlO m /m 

D eff 2xl0 -5 m 2 /s 


■ 7.07xl0 4 m _1 


ar G =176.8 tanh(ar 0 ) = l. 

Hence the consumption rate is 

N A,r (r Q ) = 4;t (0.0025 m)0.0178 kmol/m 3 x 2xl0~ 5 m 2 /sx0.04(l-176.8) 

NA,r ( r o) = -7.86x10 ^kmol/s < 

and the effectiveness is 

£ =- 3 — -[1-176.8] = 0.0169 < 

(7.07xl0 4 m _1 ) (0.0025 m) 2 

COMMENTS: For the range of conditions of interest, £ ~ 3/ar 0 . Hence £ may be increased by 
i r () . 1 k j, I A v and T D e ff. However, N A?r (r () ) would decrease with 1 r () .Ik] and 1 A v . 



PROBLEM 14.37 


KNOWN: Molar concentrations of oxygen at inner and outer surfaces of lung tissue. Volumetric rate 
of oxygen consumption within the tissue. 

FIND: (a) Variation of oxygen molar concentration with position in the tissue, (b) Rate of oxygen 
transfer to the blood per unit tissue surface area. 


SCHEMATIC: 


CM 


Lung tiss 


ue- 


^ L 

r^x I 




'AB 


c a (l) 


Oxygen (A) 
Tissue (3) 


ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional species transfer by diffusion 
through a plane wall, (3) Homogeneous, stationary medium with uniform total molar concentration and 
constant diffusion coefficient. 

ANALYSIS: (a) From Eq. 14.78 the appropriate form of the species diffusion equation is 

DAB^%--ko=0- 

dx 2 

Integrating, 

dC A /dx = (k G / Dab ) x + Q C A =-h^x 2 +C, X +C 2 . 

2D ab 

With Ca = Cj\ (0)at x = 0 and Ca =Ca (L)at x = L, 


C 2 =C A (0) 


Hence 


Q = 


Ca(l)-c a (o) 

L 


kpL 

2d ab 


c A ( x ) : 


2D AB 

(b) The oxygen assimilation rate per unit area is 
N A ,x(L) = -D AB (dC A /dx) x=L 


x(x-L) + [C A (L)-C A (0)]Wc A (0). 


N A ,x (L) = -D a b 


kpL kpL 
v d AB 2D AB J 


E^.[c a (l)-c a (o)] 


Na x =-—+£ab 

2 L 


[c a (0)-c a (l)]. 


< 


< 


COMMENTS: The above model provides a highly approximate and simplified treatment of a 
complicated problem. The lung tissue is actually heterogeneous and conditions are transient. 



PROBLEM 14.38 


KNOWN: Combustion at constant temperature and pressure of a hydrogen-oxygen mixture adjacent 

to a metal wall according to the reaction 2th + O 2 —> 2 H 2 O. Molar concentrations of hydrogen, 

3 

oxygen, and water vapor are 0.10, 0.10 and 0.20 kmol/m , respectively. Generation rate of water 

.? 3 

vapor is 0.96 x 10 kmol/m s. 

FIND: (a) Expression for Cj_j o as function of distance from wall, plot qualitatively, (b) at the 
wall, (c) Sketch also curves for Cq 0 (x) and Cjq-,0 (x) , and (d) Molar flux of water at x = 10mm. 

SCHEMATIC: 



ASSUMPTIONS: (1) Steady-state conditions, (2) One-dimensional diffusion, (3) Stationary mixture, 
(4) Constant properties including pressure and temperature. 

PROPERTIES: Species binary diffusion coefficient (given, for Ho, O 2 and HoO): Dab = 0.6 x 10 5 
m /s. 


ANALYSIS: (a) The species conservation equation, Eq. 14.38b, and its general solution are 


dx 2 


Ca(0 = -t^x + Cix + C 2 . 
2D ab 


( 1 , 2 ) 


The boundary condition at the wall must be dCA(0)/dx = 0, such that Ci = 0. For the species hydrogen, 
evaluate C 2 from knowledge of (10 mm) = 0.10 kmol/m and Njq-, = -N(> according 
to the chemical reaction. Hence, 


(-0.96x 10 _2 kmol/m 3 • sj 

0.10 kmol/m 3 = -----(0.010 m)^ +0 + C 2 

2x0.6x10 _ V 2 /s 


C 2 =0.02 kmol/m 3 . 

Hence, the hydrogen species concentration distribution is 

C|| (x)=-—th x 2 +0.02 = 800x 2 +0.02 

2 ' 2Dab 

which is parabolic with zero slope at the wall; see sketch above, 
(b) The value of Cjq-, at the wall is, 

C H2 (0) = (0 + 0.02)kmol/m 3 = 0.02 kmol/m 3 . 


< 


< 


Continued 




PROBLEM 14.38 (Cont.) 

(c) The concentration distribution for water vapor species will be of the same form, 

Ntr o o 

Ch,o(x) = -t ? - J -x‘+Cix+C 2 (3) 

7 2D ab 

With C] = 0 for the wall condition, find C 2 from (10 mm), 

I 0.96x10 2 kmol/in J 

0.20 kmol/rn 3 =----(O.OIO m) 2 +C 2 C 2 =0.28kmol/m 3 . 

2x 0.6x 10 -5 m 2 /s 


Hence, Cjj 0 q at the wall is, 


C H , O (0) = 0 + 0 + C 2 =0.28 kmol/m 3 

and its distribution appears as above. Recognizing that Nq 9 = -OANj^q , by the same analysis, find 
C 0o (0) = 0.06 kmol/m 3 


and its shape, also parabolic with zero slope at the wall is shown above, 
(d) The molar flux of water vapor at x = 10 mm is given by Fick’s law 

dCn 2 o 


N H 2 0,x =~ D AB 


dx 


and using the concentration distribution of Eq. (3), find 


N FbO,x = - d ab 


dx 


N H 9 0 2 
2 -x 2 


V 


2d ab 


:+n H 9 O x 


J 


and evaluation at the location x = 10 mm, the species flux is 

2 „i 3 


Nh 9 o (10 mm) = + 0.96x10 2 kmol/m J • six0.010 m = 9.60x10 5 kmol/m 2 -s. < 


COMMENTS: Note that the generation rate of water vapor is a positive quantity. Whereas for H 2 
and 0 2 , species are consumed and hence Njj 9 and Nq 0 are negative. According to the chemical 

reaction one mole of H 2 and 0.5 mole of 0 2 are consumed to generate one mole of H 2 0. Therefore, 

Nh 2 =-Nh 2 ° and Nq 2 =“0.5 Nh 2 Q- 



PROBLEM 14.39 


KNOWN: Ground level flux of NO 2 in a stagnant urban atmosphere. 

FIND: (a) Governing differential equation and boundary conditions for the molar concentration of 
NO 2 , (b) Concentration of NO 2 at ground level three hours after the beginning of emissions. 

SCHEMATIC: 

t N A,x+dx < C§E> 

*t 11 K 

'/////////////// 

D A3 = 015x10 V/s 


x+c/x 


(~k t C^)dx (bCjb+)dx 

< 


?. x iQ n kmol 
o-oxiu s . m4 


ASSUMPTIONS: (1) One-dimensional diffusion in a stationary medium, (2) Uniform total molar 
concentration, (3) Constant properties. 

ANALYSIS: (a) Applying the species conservation requirement, Eq. 14.33, on a molar basis to a unit 
area of the control volume, 


^A,x (k-iC^dx NA iX +dx 


3Ca 

at 


dx. 


With N^A+dx = Na,x + (^Na,x /dxjdxand Na,x = — Dab(^Ca /dx), it follows that 


DAB ^%-k lCA =^ 


dx* 

Initial Condition: Ca (x,0) = 0. 


Boundary Conditions: “Dab 


ac A 

dx 


)x= 0 


= Na, 0 . 


c A (».t) = o. 


(b) The present problem is analogous to Case (2) of Fig. 5.7 for heat conduction in a semi-i nf inite 
medium. Hence by analogy to Eq. 5.59, with k <-> Dab an d a ^ Dab> 


Ca(x.i) = 2Na, 0 


f 1 ] 

1/2 

exp 

r x 2 1 

Ni nx 

A,U erf c 

f \ 

X 

v 71 Dab y 

4Dab1 

V ) 

CIIV^ 

d ab 

^ 2 ( D ABt) 1/2 , 


At ground level (x = 0) and 3h, 

C A (0,3h) = 2NA, 0 


' t ^ 

d ab 


/2 


C A (0,3h) = 2^3x10 11 kmol/sm 2 j(l0,800s/jix0.15xl0^m 2 /sj ' =9.08x10 7 kmol/m 3 . < 

COMMENTS: The concentration decays rapidly to zero with increasing x, and at x = 100 m it is, for 
all practical purposes, equal to zero. 





PROBLEM 14.40 


KNOWN: Carbon dioxide concentration at water surface and reaction rate constant. 


FIND: (a) Differential equation which governs variation with position and time of CO 2 concentration 
in water, (b) Appropriate boundary conditions and solution for a deep body of water with negligible 
chemical reactions. 


SCHEMATIC: 



COJA) 

Irx 


— x-L 


ASSUMPTIONS: (1) One-dimensional diffusion in x, (2) Constant properties, including total density 
p, (3) Water is stagnant. 


ANALYSIS: (a) From Eq. 14.37b, it follows that, for the prescribed conditions, 


t-\ 3 2 Pa u ~ _^PA 

D AB —7- k lPA —■■ 

dx z ot 

The first term on the left-hand side represents the net transport of CO 2 into a differential control 
volume by diffusion. The second term represents the rate of CO 2 consumption due to chemical 
reactions. The term on the right-hand side represents the rate of increase of CO 2 storage within 
control volume. 


< 


the 


(b) For a deep body of water, appropriate boundary conditions are 

Pa (o>t) = p A ,o 


Pa (°°’t) = ° 


and, with negligible chemical reactions, the species diffusion equation reduces to 

a 2 PA _ 1 dpA 

3x 2 dt 


With an initial condition, p A (x,0) = p Aj = 0, the problem is analogous to that involving heat transfer in a 
semi-infinite medium with constant surface temperature. By analogy to Eq. 5.57, the species 
concentration is then 


Pa( x a)-p a ,o _ crf 
-pa,o 


2 ( d ab0 


1/2 


p A ( x ,t) = p A ,0 erfc 


2 ( d ab0 


1/2 


< 



PROBLEM 14.41 


KNOWN: Initial concentration of hydrogen in a sheet of prescribed thickness. Surface 
concentrations for time t > 0. 


FIND: Time required for density of hydrogen to reach prescribed value at midplane of sheet. 


SCHEMATIC: 




(A)^H Z 


(B)^Solid 

j 

D A £=?x 10 7 m z /s 



L-ZOmm C A (x,0) = 3 kmo]/m 3 = C A j 

C A (0,t f ) = 1.2 kg/m 3 /2 kg/kmol 
C A (0,tf) = 0.6 kmol/m 3 = C A 
C a (20 mm,t) = 0 = C A s 


ASSUMPTIONS: (1) One-dimensional diffusion in x, (2) Constant D A g, (3) No internal chemical 
reactions, (4) Uniform total molar concentration. 

ANALYSIS: Using Heisler chart with heat and mass transfer analogy 

» = C A -C A , S = O6-0 = » 

C Aii -C A>s 3.0-0 
With Bi m = °o, Fig. D. 1 may be used with 

Go =0.2, Bi _1 = 0 

Fo ~ 0.75. 

Hence 

FOm = '^? !L =0V5 
L 2 

t f = 0.75(0.02 m) 2 /9xl0 _7 m 2 /s 


tf = 333s. 

COMMENTS: If the one-term approximation to the infinite series solution 

OO 

0 * = L C n ex p(^n Fo ) cos (<;n x *) 

n=l 


is used, it follows that 


To “Q exp -Sj Fo 


J m 


= 0.2 


Using values of = 1.56 and C| =1.27, it follows that 


exp 


— (1.56) 2 Fo 


m 


= 0.157 


Fo m =0.76 


< 


which is in excellent agreement with the result from the chart. 



PROBLEM 14.42 


KNOWN: Sheet material has high, uniform concentration of hydrogen at the end of a process, and is 
then subjected to an air stream with a specified, low concentration of hydrogen. Mass transfer 
parameters specified include: convection mass transfer coefficient, h m , and the mass diffusivity and 
solubility of hydrogen (A) in the sheet material (B), Dab and Sab- respectively. 

FIND: (a) The final mass density of hydrogen in the material if the sheet is exposed to the air stream 
for a very long time, pA,f, (b) Identify and evaluate the parameter that can be used to determine 
whether the transient mass diffusion process in the sheet can be characterized by a uniform 
concentration at any time; Hint : this situation is analogous to the lumped capacitance method for a 
transient heat transfer process; (c) Determine the time required to reduce the hydrogen concentration 
to twice the limiting value calculated in part (a). 

SCHEMATIC: 


A - hydrogen 
B - sheet matl 



C A (t), C A (0) = C A j = 320 kmol/m 3 
D ab = 2.6x 10-8 m2/s 
Sab = 160 kmol/m 3 -atm 
T = 555 K 




h m = 1.5 m/s 
p A , ao= 0.1 atm 
Poo = 3 atm 
Too= 555 K 


ASSUMPTIONS: (1) One-dimensional diffusion, (2) Material B is stationary medium, (3) Constant 
properties, (4) Uniform temperature in air stream and material, and (5) Ideal gas behavior. 

ANALYSIS: (a) The final content of H 2 in the material will depend upon the solubility of H 2 (A) in 
the material (B) and its partial pressure in the free stream. From Eq. 14.44, 

3 3 

Cat = ^AB Pa ,00 = 160 kmol/m atmxO.l atm= 16 kmol/m 

Pf = Cyy f = 2 kg / kmol x 16 kmol / m 3 = 32 kg / nr* < 

(b) The parameters associated with transient diffusion in the material follow from the analogous 
treatment of Section 5.2 (Fig. 5.3) and are represented in the schematic. 



I 


-► 

N A,dif 


C A ,s 

^A.conv 


I 

x = L 


In the material, from Fick’s law, the diffusive flux is 

N A,dif = D AB ( C A,1~ C A,2) /L C 1 ) 

At the surface, x = L, the rate equation, Eq. 6.8, convective flux of species A is 

Na ,conv — V (Ca,s-C a 

9 00 ) 


Continued 








PROBLEM 14.42 (Cont.) 


and substituting the ideal gas law, Eq. 14.9, and introducing the solubility relation, Eq. 14.44, 

h T 


^A,conv 

^A,conv 


x m 


S AB R u To, 
h m 

S AB R u T o< 


( S AB PA,s“ S AB PA.oo) 

(C 2 ,s ~ ^A,oo) 


( 2 ) 


where Ca,oo = CA.f. the final concentration in the material after exposure to the air stream a long time. 
Considering a surface species flux balance, as shown in the schematic above, with the rate equations 
(1) and (2), 


Dab (c a ,i-c a , 2 ) 

L 


x m 


S AB R u T cx 


(C A ,s-C A ,f) 


C A,1 C A,2 _ h m / S AB R u Tqq _ ^m.dif _ g. 
C A,s- C A,f d AB /l ^m,conv 


and introducing resistances to species transfer by diffusion, Eq. 14.51, and convection. Recognize 
from the analogy to heat transfer, Eq. 5.10 and Table 14.2, that when Bi m < 0.1, the concentration can 
be characterized as uniform during the transient process. That is, the diffusion resistance is negligible 
compared to the convection resistance, 


Bi m = 


h m L 


S AB R u Too D AB 


< 0.1 


(4) 


Bi 


(1.5 m/hx3600 s/h)x0.003 m 


m 


160kmol/m 3 atmx 8.205 xl0" 2 m 3 atm/kmol-Kx555 Kx2.68xl0" 8 m 2 /s 


Bi m = 6.60 x 10 


< 0.1 


Hence, the mass transfer process can be treated as a nearly uniform concentration situation. From 
conservation of species on the material with uniform concentration, 

_ ^A,conv = ^A.st 
h 


x m 


^AB R u Tx 


(c A -c A ,f)=L4|A 


Integrating, with the initial condition Ca (0) = Ca 2 , find 


c A -c A , f 

C A ,i-C A ,f 


( 

= exp 

V 




T S A g R u To, 


(5) < 


Continued 




PROBLEM 14.42 (Cont.) 


which is similar to the analogous heat transfer relation for the lumped capacitance analysis, Eq. 5.6. 



(c) The time, t Q , required for the material to reach a concentration twice that of the limiting value, 

Ca (To) = 2 CA,f, can be calculated from Eq. (5). 

(2-l)xl6 kmol/m 3 f 1.5m/hxt n 

----— = exp---—-- 

(320-16) kmol/nr V 0.003 rnx 160 kmol/nr • atmx8.205x10”“ m-atm/kmol-Kx555 K 





PROBLEM 14.43 


KNOWN: Hydrogen-removal process described in Problem 14.3 (S), but under conditions for which 

-11 

the mass diffusivity of hydrogen gas (A) in the sheet (B ) is Dab =1-8x 10 m /s (instead of 
-8 2 

2.6 X 10 ‘ m“/s). With a smaller Dab. a uniform concentration condition may no longer be assumed 
to exist in the material during the removal process. 

FIND: (a) The final mass density of hydrogen in the material if the sheet is exposed to the air stream 
for a very long time, pA,f, (b) Identify and evaluate the parameters that describe the transient mass 
transfer process in the sheet; Hint: this situation is analogous to that of transient heat conduction in a 
plane wall; (c) Assuming a uniform concentration in the sheet at any time during the removal process, 
determine the time required to reach twice the limiting mass density calculated in part (a); (d) Using 
the analogy developed in part (b), determine the time required to reduce the hydrogen concentration to 
twice the limiting value calculated in part (a); Compare the result with that from part (c). 


SCHEMATIC: 


A - hydrogen 
B - sheet matl 



C A (t), C A (0) = C A ,i = 320 kmol/m 3 
D AB = 1.8x1CU' 1 m 2 /s 
S AB = 160 kmol/m 3 -atm 
T = 555 K 




h m = 1.5 m/s 
p A ,oo= 0.1 atm 
Poo = 3 atm 
Too= 555 K 


ASSUMPTIONS: (1) One-dimensional diffusion, (2) Material B is a stationary medium, (3) 
Constant properties, (4) Uniform temperature in air stream and material, and (5) Ideal gas behavior. 

ANALYSIS: (a) The final content of H 2 in the material will depend upon the solubility of H 2 (A) in 
the material (B) at its partial pressure in the free stream. From Eq. 14.44, 


Cat = S A b PA,°o = 160 kmol/nr ■ atmx 0.1 atm= 16 kmol/ nr 


Pf = C A f = 2 kg / kmol x 16 kmol / m 3 = 32 kg / m 3 

(b) For the plane wall shown in the schematic below, the heat and mass transfer conservation 
equations and their initial and boundary conditions are 


Heat transfer 
o>T 


a- 


d~T 


dx z 

T(x,0) = Tj 

-k|^(L,t) = h[T(L,t)-T 00 ] 


Mass (Species A) transfer 

3Ca <Fc a 

t ^ AB 2 
^ t dx 

C A (x,0) = C A j 

acA 

dx 

~ D AB 


(0,t) = 0 


^c A 


(L. t) : 


x m 


S AB R u T 


[C A (x.t)-C f ] 


Continued 





PROBLEM 14.43 (Cont.) 




The derivation for the species transport surface boundary condition is developed in the solution for 
Problem 14.3 (S). The solution to the mass transfer problem is identical to the analogous heat transfer 
problem provided the transport coefficients are represented as 

h <=> h m j S AB *u T (1) 

k D AB 


(c) The uniform concentration transient diffusion process is analogous to the heat transfer lumped- 
capacitance process. From the solution of Problem 14.3 (S), the time to reach twice the limiting 

concentration, Ca (t 0 ) = 2 CA,f. can be calculated as 


C A (to)-C A ,f _ ( h m t 0 t 

— CA U 

C A,i - C A,f l L S AB ^u T ) 


( 2 ) 


t Q = 42.9 hour 


For the present situation, the mass transfer Biot number is 
Bi, 


h m L 


‘m 


s ab R u T d ab 


< 


D . _ (1.5 m/h/3600 s/h)x0.003 m 

® m — q 9 ^ iio 

160kmol/nr atmx8.205xl0" z nr atm/kmol-Kx555 Kxl.8xl0" 11 m z /s 
Bi m = 9.5 » 0.1 

and hence the concentration of A within B is not uniform 

(d) Invoking the analogy with the heat transfer situation, we can use the one-term series solution, Eq. 
5.40, with Bi m <=> Bi and 


Fo m <=> Fo 


Fo 


m 


d ab 1 

L 2 


(3) 


Continued 






PROBLEM 14.43 (Cont.) 


With Bi m = 9.5, find C 1 \ = 1.4219 rad and Cj = 1.2609 from Table 5.1, so that Eq. 5.41 becomes 


C A CA ’ f = Ci exp(-£ 2 Fo m ) 

C A ,i-C A ,f 1 ’ 

(2 — l) x 16 kmol/m 3 / 9 \ 

---— = 1.2609 exp -1.4219 2 Fo m 

(320-16)kmol/m 3 V ' 


Fo 


1.8x10 11 m 2 /sxt 


m 


(0.003 m)" 


— = 1.571 


t Q =218 hour < 

COMMENTS: (1) Since Bi m = 9.5, the uniform concentration assumption is not valid, and we 
expect the analysis to provide a longer time estimate to reach CaOo) = 2 CA,f- 

(2) Note that the uniform concentration analysis model of part (c) does not include Dab- Why is this 
so? 



PROBLEM 14.44 


KNOWN: Radius and temperature of air bubble in water. 

FIND: Time to reach 99% of saturated vapor concentration at center. 



ASSUMPTIONS: (1) One-dimensional radial diffusion of vapor in air, (2) Constant properties, (3) 
Air is initially dry. 

PROPERTIES: Table A-8, Water vapor-air (300 K): Dab = 0.26 x 10 4 m~/s. 

ANALYSIS: Use Heisler charts with heat and mass transfer analogy, 


Y 


* 


C A -C A ,s _ 1 C A 

C A ,i _ C^y s C As 


For Yq = 1 - 0.99 = 0.01 and Bi m ' = 0, from Fig. D.7 find Fo m ~ 0.52. Hence with 


Fo m = ;! ^St = 0.52 

r o 


t = 0.52(lO -6 m 2 ) /0.26X10 -4 m 2 /s = 0.02s. 


,-4 2 


< 


COMMENTS: (1) This estimate is likely to be conservative, since shear driven motion of air within 
the bubble would enhance vapor transport from the surface to the center. 

(2) If the one-term approximation to the infinite series solution, 


0 


* 


E C n ex P 
n=l 




* 

Gn r 


is used, it follows that with sin 0/0 = 1 , 


Yo ~Q expK^Fom =0.1. 


Using values of = 2.0 and = 3.1 lfor Bi 


0.01= 2.0 exp 


(3.11) 2 Fo 


m 


m = 100 , it follows that 
or Fo m = 0.55 


which is in reasonable agreement with the Heisler chart result. 



PROBLEM 14.45 


KNOWN: Initial carbon content and prescribed surface content for heated steel. 

FIND: Time required for carbon mole fraction to reach 0.01 at a distance of 1 mm from the surface. 

SCHEMATIC: 


Carbon fA) 

*a,^ 002 ~- 
D^Df. - s -Zxld%xp \t7,ooqIt jfX)] 



Steel (B), x A (x,o)=x Aj( -= 0.001 

X A (0.001m,+) = 0.01 


ASSUMPTIONS: (1) Steel may be approximated as a semi-infinite medium, (2) One-dimensional 
diffusion in x, (3) Isothermal conditions, (4) No internal chemical reactions, (5) Uniform total molar 
concentration. 

ANALYSIS: Conditions within the steel are governed by the species diffusion equation of the form 

3 2 C a _ 1 3C A 

dx 2 ^ 

or, in molar form, 

a x A _ 1 3x a 

dx 2 Dab 3t 

The initial and boundary conditions are of the form 

x A (x,0)= 0.001 


X A (0,t) = x A , s = 0-02 x A (°°,t) = 0.001. 

The problem is analogous to that of heat transfer in a semi-infinite medium with constant surface 
temperature, and by analogy to Eq. 5.57, the solution is 


x A ( x ,t)-x A , s _ crf 
x A,i - x A,s 


2 ( D AB t ) 


1/2 


where 


Dab =2x10 5 exp[-17,000/1273] = 3.17x10 ii m z /s. 


-11 2 


Hence 


0 . 01 - 0.02 

0 . 001 - 0.02 


= 0.526 = erf 


0 . 001 m 


2(3.17x10 U t) 


1/2 


where erf w = 0.526 —> w = 0.51, 


0.51 = 0.001/213.17xl0 _11 t 


1/2 


or 


t = 30,321s = 8.42 h. < 



PROBLEM 14.46 


KNOWN: Thick plate of pure iron at 1000°C subjected to a carburizing process with sudden 
exposure to a carbon concentration Cc, s at the surface. 

FIND: (a) Consider the heat transfer analog to the carburization process; sketch the mass and heat 
transfer systems; explain correspondence between variables; provide analytical solutions to the mass 
and heat transfer situation; (b) Determine the carbon concentration ratio, Cc (x, t)/Cc, s > at a depth of 1 
mm after 1 hour of carburization; and (c) From the analogy, show that the time dependence of the 

1/2 

mass flux of carbon into the plate can be expressed as n£ = Pq s (Dc_p e / 71 1) ; also, obtain an 

expression for the mass of carbon per unit area entering the iron plate over the time period t. 

SCHEMATIC: 



C c (0, t > 0) = C c ,s - 

Mass transfer 


Iron 

C c ,i = C c (x, t < 0) = 0 
Dc-Fe 


jc.x(X.t) 


X 


T(0, t > 0) = T s -- 

Heat transfer 


Plate 

T(x, t s 0) = Tj 
p, c, k, a 


q‘x(x,t) 


>-»■ x 


ASSUMPTIONS: (1) One-dimensional transient diffusion, (2) Thick plate approximates a semi¬ 
infinite medium for the transient mass and heat transfer processes, and (3) Constant properties. 

ANALYSIS: (a) The analogy between the carburizing mass transfer process in the plate and the heat 
transfer process is illustrated in the schematic above. The basis for the mass - heat transfer analogy 
stems from the similarity of the conservation of species and energy equations, the general solution to 
the equations, and their initial and boundary conditions. For both processes, the plate is a semi¬ 
infinite medium with initial distributions, Cc (x, t < 0) = Cc,i = 0 and T (x, t < 0) = Tj, suddenly 
subjected to a surface potential, Cc (0, t > 0) = Cc, s and T (0, t > 0) = Ts. The heat transfer situation 
corresponds to Case 1, Section 5.7, from which the following relations were obtained. 


Mass transfer 

Rate equation 

- F> * C c 
JC - - U AB -3— 
d x 

Diffusion equation 

d fdC,^ 


dx 


C 


dx 


1 dC 


C 


d ab <?t 


Potential distribution 

Cc ( x > t)-C CjS 


0-C C , s 

Cc (x, t) 

- 1 = erfc 


C C ,s 


2( d AB t) 


1/2 


Heat transfer 


0 "__ k 2I 

^X - K -v 


[14.84] 


{ d T^ 


\dx) 


= 2 41 [2.15] 

ad t 


T (x, t)-To 

v ’ -- = erf 

T -T 
B x s 


2(at) 


1/2 


[5.58] 
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PROBLEM 14.46 (Cont.) 


Flux 


See Part (c) 


q») = k(Ts ^ [5-58] 

(not) 


(b) Using the concentration distribution expression above, with L = 1 mm, t = 1 h and 
-11 2 

Dab = 3 x 10 m /s, find the concentration ratio, 


Cc (l mm, 1 h) 


C C ,s 


= erfc 


0.001 m 


1/2 

2(3xl0' U m 2 /sx3600s) 


= 0.0314 


(c) From the heat flux expression above, the mass flux of carbon can be written as 

„„ _ D C-Fe (PC,s"0)_ ^ /r% _ ,^ a i/2 ^ 

n C,s — 1/9 _ Pc,s (Dc-Fe/^t) < 

(^Dc-Fet) 

The mass per unit area entering the plate over the time period follows from the integration of the rate 
expression 


m C (0 = j n C,s dt = PC,s (Dab/’O 1 ^ I t ' 1/2 dt = 2 p c ,s (Dc-Fe t/7r ) 


\l /2 



PROBLEM 14.47 


KNOWN: Thickness, initial condition and bottom surface condition of a water layer. 

FIND: (a) Time to reach 25% of saturation at top, (b) Amount of salt transfer in that time, (c) Final 
concentration of salt solution at top and bottom. 


SCHEMATIC: 


D&vl-I.ZxIO 9 m z ls 


L-lm\ 


~PfK (0)= O’ZSPIK, 


B-wafer 
ss/f 

-Pa:,-- 0 


■/> AA =380kg/m^ =/> A (x =L) 


ASSUMPTIONS: (1) One-dimensional diffusion, (2) Uniform total mass density, (3) Constant Dab 

ANALYSIS: (a) With constant p and Dab and no homogeneous chemical reactions, Eq. 14.37b 
reduces to 

a 2 PA _ 1 dpA 

dx 2 

with the origin of coordinates placed at the top of the layer, the dimensionless mass density is 

Y _ Pa ~ Pa,s Pa 
Y i PA,i — PA,s PA,s 

Hence, y * ((), Fo m | j = 1 - 0.25 = 0.75. The initial condition is y * |x* ,0j = 1, and the boundary 
conditions are 

= 0 y*(l,Fo m ) = 0 

x*=0 

where the condition at x =1 corresponds to Bi m = °°. Hence, the mass transfer problem is 
analogous to the heat transfer problem governed by Eq. 5.34 to 5.37. Assuming applicability of a one 
term approximation (Fo m > 0.2), the solution is analogous to Eq. 5.40. 

Y* =Q exp| -q^Fo m j cos |g]X* j. 






PROBLEM 14.47 (Cont.) 

(b) The change in the salt mass within the water is 

AM A = M a (t!)-M A i = J(p A - PA,i ) dV = A Io P A dx 

Hence, 

AM A = p A ,s { q L ( P A / P A,s) dx 
AM A = p A , s L{ ( J(l-Y*)dx* 

AM a = Pa, s l|q 1 -Cl exp(-^ 2 Fo m )cos^ix*) dx* 

AM A = p A , s L l-CiexpJ-^Fomjsin^/q . 

Substituting numerical values, 

1.274exp -(1.571) 2 0.215 1 

AM A =380 kg/m 3 (1 m) 1- ± -=L 

1.571rad 

AM A =198.7 kg/m 2 . < 

(c) Steady-state conditions correspond to a uniform mass density in the water. Hence, 

p A (0,oo)= p A (L,oo) = AM A /L = 198.7 kg/m 3 . < 

COMMENTS: (1) The assumption of constant p is weak, since the density of salt water depends 
strongly on the salt composition. 


(2) The requirement of Fo m >0.2 for the one-term approximation to be valid is barely satisfied. 



PROBLEM 14.48 


KNOWN: Temperature distribution expression for a semi-infinite medium, initially at a uniform 
temperature, that is suddenly exposed to an instantaneous amount of energy, Qq (j / m“j. 

Analogous situation of a silicon (Si) wafer with a 1 -pm layer of phosphorous (P) that is placed in a 
furnace suddenly initiating diffusion of P into Si. 

FIND: (a) Explain the correspondence between the variables in the analogous temperature and 
concentration distribution expressions, and (b) Determine the mole fraction of P at a depth of 0.1 mm 
in the Si after 30 s. 

SCHEMATIC: 


Limit q" 0 -tst=Q" 0 
(Af -» 0) 



ASSUMPTIONS: (1) One-dimensional, transient diffusion, (2) Wafer approximates a semi-infinite 
medium, (3) Uniform properties, and (4) Diffusion process for Si and P is initiated when the wafer 
reaches the elevated temperature as a consequence of the large temperature dependence of the 
diffusion coefficient. 

PROPERTI E S: Given in statement: Dp_s; = 1.2 x 10 17 m“/s; Mass densities of Si and P: 2000 and 
2300 kg/m 3 ; Molecular weights of Si and P: 30.97 and 28.09 kg/kmol. 

ANALYSIS: (a) For the thermal process illustrated in the schematic, the temperature distribution is 

n // 

T(x, t) —Tj =-exp(-x 2 Mat) (HT) 

pc(7iat) 

where Tj is the initial, uniform temperature of the medium. For the mass transfer process, the P 
concentration has the form 

. Mp 0 to \ 

C P (x, t) =--—^exp(-x 2 /4 D P _ Si tj (MT) 

(^Dp-SiO 

2 

where Mp 0 is the molar area density (kmol/m“) of P represented by the film of concentration Cp 
and thickness d G . 

The correspondence between mass and heat transfer variables in the equations HT and MT involves 
the following conditions. The FHS represents the increase with time of the temperature or 
concentration above the initial uniform distribution. The initial concentration is zero, so only the Cp 
(x, t) appears. On the RHS note the correspondence of the terms in the exponential parenthesis and in 
the denominator. The thermal diffusivity and diffusion coefficient are directly analogous; this can be 
seen by comparing the MT and HT diffusion equations, Eq. 2.15 and 14.84. The terms Qq / pc and 
Mp 0 for HT and MT represent the energy and mass instantaneously appearing at the surface. The 

product pc is the thermal capacity per unit area and appears in the storage term of the HT diffusion 
equation. For MT, the “capacity” term is the volume itself. 


Continued 









PROBLEM 14.48 (Cont.) 


2 

(b) The molar area density (kmol/m ) of P associated with the film of thickness d 0 = 1 /.tin and 
concentration Cp iQ is 

Mp, 0 = Cp i0 ■ d Q = (p P / M P )d Q 

Mp () = (2000 kg/ m 3 / 30.97 kmol / kg) x 1 x 10~ 6 m 

Mp 0 = 6.458 x 10~ 5 kmol/ m 2 

Substituting numerical values into the MT equation, find 

—5 2 

_ . 6.458x10 kmol/m . \2 „ ,„-7 2, 

C p (0.1 mm, 30 s) =-exp-(0.0001 m) /I4xl.2xl0 nT"/sx30s 

(;rxl.2xl0' 17 m 2 /sx30s) 

C p =0.08188 kmol/m 3 
The mole fraction of P in the Si wafer is 

x P =C P /C Si =C P / (p S i / M Si ) 

x P = 0.08188 kmol / m 3 / (2300 kg / m 3 / 28.09 kmol / kg) 
x P =2.435 xlO -5 


< 



